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Chapter 1
General introduction 
and aims of this thesis

CLINICAL RELEVANCE OF FALLS
Falls are both common and devastating. Falls commonly occur with ageing or disease. In 
community-dwelling elderly over 65 years of age, about one third falls annually; in those 
over 80 years of age even 50% sustains falls every year1. Among patients with Parkinson's 
disease, almost half experienced falls during a 3-month follow-up2 and among stroke 
patients, almost 40% suffered at least one fall while being at a stroke rehabilitation unit3 or 
at 6-month survival4. The impact of falls is enormous for affected individuals, due to injuries, 
physical and psychosocial decline, reduced quality of life, and diminished survival. Injuries 
associated with falls are a significant source of morbidity and mortality among the elderly5. 
More than 10% of all falls result in a fracture or other serious injuries, such as joint 
distortions or soft tissue injuries6,7. Moreover, fear of falling is a common consequence of 
falls, causing activity avoidance and subsequent decrease in cardiovascular fitness, thereby 
increasing the risk of cardiovascular diseases and mortality. Falls also impose high costs to 
the public health service. Because of the increasing aging population and their rising life 
expectancy, the incidence of falls and their socio-economic impact will continue to grow. 
Therefore, better fall prevention strategies are needed. Developing such strategies requires 
an improved understanding of the complex mechanisms of the balance control system and 
the multifactorial pathophysiology underlying falls.
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THE BALANCE CONTROL SYSTEM
The balance control system, involved in maintaining balance and preventing falls during our 
everyday activities, consists of multiple systems acting and reacting simultaneously. A 
person's ability to restore balance following destabilization largely depends on how the 
central nervous system (CNS) negotiates physiological, mechanical and environmental 
constraints. Balance is provided by automatic reflexes that serve three goals: stabilization of 
the visual fields (vestibular-ocular-reflex VOR); maintaining a correct posture, ascertaining a 
safe erect stance (vestibulo-spinal-reflex VSR); and maintaining a stable head position 
(vestibulo-collic reflex VCR).
The main systems involved in balance control are visualised in box 1. These consist of 
sensory inputs that inform about the orientation of the body in space and about the actual 
environmental circumstances (afferent system); the central nervous system, to plan balance 
correcting strategies in light of the circumstances and prior experiences (somatosensory 
integration); and the skeletal and muscle system to precariously execute these strategies 
(efferent system). The main sensory inputs come from the vestibular system, providing 
inputs on the orientation of the head in space; from visual inputs, providing information on 
the orientation of the body in space and its environment; and proprioceptive inputs, 
providing information on the orientation of the body, skeletal and muscular constraints, and 
properties of the support surface. A healthy balance control system requires both inputs 
from the afferent system, and output from the efferent system.
Cognitive processes, such as performing dual tasks while walking, depressions, or fear of 
falling, influence balance control as well8. Fear of falling, due to prior experience, leads to 
more falls; resulting in a vicious circle9. Performing a cognitive dual task, such as counting 
backwards while walking or simply maintaining a routine conversation, increases postural
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Box 1. Balance control system
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The balance control system contains an afferent and efferent part. The afferent part consists of 
sensory inputs from the vestibular, visual and proprioceptive systems. These provide the CNS with 
information on the position of the head in space, body orientation and environment. The funiculus 
dorsalis contains neurones which provide information on vibration sense and subtle proprioception 
('gnostic system'). The funiculus anterolateralis provides information on pain, temperature 
sensation and coarse proprioception ('vital system') and consists of the tractus spinothalamicus, the 
tractus spinoreticularis, and the tractus spinotectalis. The tracti spinocerebellares anterior and 
posterior inform the cerebellum on deep sensory information of the extremities. Vestibular inputs 
from the vestibular system reach the CNS through the nervus vestibulocochlearis (pars vestibularis); 
visual inputs through the optic nerves and tractus opticus. The CNS combines the proprioceptive 
inputs with visual and vestibular inputs and, based on these and on prior experience and cognition, 
gives impulses through the corticospinal (pyramidal) tracts, fasciculus longitudinalis medialis (FLM), 
and cortico-pontine-cerebellar tracts to the peripheral motor neurons. The corticospinal tracts 
innervate peripheral motor neurones of the axial and proximal muscles (tractus corticospinalis 
medialis) for posture and balance, and of the distal muscles (tr. corticospinalis lateralis) for fine 
movements of e.g. the hands. The FLM consists of tracti originating from the brainstem (the 
colliculus superior (tectum mesencepholon), vestibular nuclei, and the reticular formation), and 
innervate motor neurones from axial muscles for maintaining posture and balance. The cerebro- 
pontine-cerebellar tract originates from the cerebellum and pons and influences coordination of 
movements. The basal ganglia are involved in starting, stopping, smoothening, and coordination of 
movements. The coerulospinal tract modulates the excitability of the motor neurones (level 
setting). The function of the rubrospinal tract is unclear, but may involve connections to the 
cerebellum. The motor neurones innervated by these tracts eventually execute the balance 
strategies planned by the CNS. Balance problems occur when a deficit appears in either the central 
or peripheral afferent or efferent system. Examples of disorders that might cause balance problems 
are: a. polyneuropathies, myelopathies; b. blindness; c. vestibular loss; d. stroke; e. Parkinson's 
disease; f. cerebellar ataxia; g. myopathy, myotonia, polyneuropathies.
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instability as well, especially in patients with cognitive decline10. Depression and anxiety 
negatively influence gait, possibly by reducing attention to gait control11'12. Prior experiences 
may, however, also aid balance control through learning processes.
METHODS FOR BALANCE CONTROL MEASUREMENTS
Quantifying movements of the human body during upright stance, in either static or dynamic 
circumstances, in order to investigate the adaptive mechanisms of the central nervous 
system to maintain balance, is called posturography13,14. Posturography is applied under 
various stance conditions that probe one or more of the systems involved in maintaining 
balance (box 1), in order to determine the contribution of these systems on balance control. 
Specifically, dynamic posturography is the study of human postural responses to sudden 
balance perturbations, delivered by, for example, a multidirectional moving platform. Static 
posturography measures balance-stabilising responses during quiet stance. More recently, 
body worn sensors have been employed to measure balance control during stance and gait -  
so called 'stance and gait posturography'. Postural responses of dynamic posturography 
mainly consist of early-latency responses (the stretch reflexes around 30-50 ms after 
perturbation onset, depending on the muscle location), automatic balance-correcting 
responses with onsets between 90 and 120 post-perturbation, and even later balance­
stabilising responses (after 300 ms). Examining pathologically enhanced or absent stretch 
reflexes, balance-correcting, and balance-stabilising responses provide a means of assessing 
whether efferent and afferent balance correcting pathways and the central sources of the 
automatic balance corrections are intact. In general, fast perturbations on dynamic 
posturography elicit mainly early-, medium-, and late-latency balance-correcting responses, 
whereas static posturography (measuring volitional body motion) elicits balance-stabilising 
responses. Box 2 provides more information on the posturographic techniques used in some 
of the studies described in this thesis.
General introduction and aims of this thesis
NEUROMUSCULAR DISORDERS AS EXPERIMENT OF NATURE
In order to use posturography to identify the pathology behind balance disorders, the 
clinician or investigator needs to know how deficits of the vestibular, proprioceptive, visual, 
and motor systems affect balance control. Damage to any of the underlying systems will 
result in different instabilities and compensating balance control strategies. These 
dysfunctions can therefore serve as experiments of nature to gain insights into the 
mechanisms of balance control and falls, but also to predict the instability occurring when 
one of the systems is malfunctioning, and to find leads for prevention of falls. For example, 
the timing and strength of muscular responses that attempt to correct for the instability 
caused by support surface perturbations, depends on the available afferent and efferent 
inputs. For stance and gait posturography, the protocol conditions and severity of the 
consequent instability, relate to the pathology of the patient. Balance research in patients 
with specific disorders and comparison with healthy subjects can provide these insights. 
Investigating well defined patients, enables recognition of specific patterns associated with 
specific diseases (and specific localizations in the peripheral nervous system (PNS) or the 
CNS). This can help define or predict the affected localizations based on the specific balance
15
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Box 2. Posturography
A. Dynamic posturography using a multi-directional rotating platform
Picture 1. Subject standing on the rotating platform Picture 2. EMG electrodes on the Tibialis Anterior
A multidirectional rotating platform (picture 1), with the ability to rotate downwards in any 
given direction, can be used to measure balance responses after support surface 
perturbations. Balance responses are measured by means of surface electromyography 
(EMG) of leg, trunk, and arm muscles (picture 2), and by means of an Optotrak® system, 
consisting of small infrared markers placed at joints and body landmarks (picture 3) to 
measure body motion. The advantages of using a multidirectional rotating platform are the 
precision of the balance measures that define stretch-reflex, balance-correcting and balance­
stabilising muscular responses as well as kinematic responses. Moreover, the ability to 
standardise the perturbations allows comparison of individual patients and different patient 
populations.
Figure 1.Perturbation directions of the rotating 
0 °
225°  180°
This multidirectional rotating platform was used in the study described in Chapter 4 of this 
thesis, where eight perturbation directions, as visualised in figure 1, were used.
16
General introduction and aims of this thesis
B. Posturography using body-worn gyroscopes
Trunk angular displacements for standing on a foam surface with eyes closed
Angle (deg)
Time (sec)
Body-worn gyroscopes, measuring trunk angular velocity in the roll (medio-lateral) and pitch 
(anterior-posterior) plane, are used to measure stability during every day stance and gait tasks. 
The pictures show the measurement system, and two common tasks: walking tandem steps, 
and standing on a foam support surface with eyes closed. Outcome measures are angular 
velocity and, derived from these, angular displacements of the trunk in the pitch and roll 
plane. These trunk sway measures are a measure of stability. The graph visualizes trunk roll 
and pitch angular displacements for a myotonia congenita patient while standing on a foam 
surface with eyes closed for 20 seconds. The advantages of using body-worn gyroscopes to 
measure balance control, are the accuracy of the measurements (these gyroscopes have a 
drift of only 6deg/hour; less than the earth's rotation) and the ability to measure stance as 
well as gait tasks, because the system is wireless and measures trunk angular velocity 
independent of linear motion. Moreover, the system is easy to wear for the patient and easy 
to use for the investigator, the protocol is fast (15 to 20 minutes), and the system cost is low. 
This system was used for the studies described in chapter 3, 5, 6 and 7 of this thesis.
control strategies. For example, Multiple Sclerosis (MS) is a disease with a very broad 
spectrum of symptoms, both efferent and afferent. Examining balance control in MS will 
provide information on balance control in these patients, but will not give specific 
information on the contribution of the separate systems on balance control. Research on 
mono-symptomatic diseases, such as bilateral vestibular loss without co-morbidity, will 
increase these insights. In this thesis, therefore, efferent and afferent diseases will be 
discussed and examined separately.
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Influence of the efferent system on balance control
The nature of the balance deficits in patients with central efferent deficits has been the 
subject of a series of studies. For example, patients with Parkinson's diseaseeg' 15,16,17,18, 
strokeeg' 3’4, or cerebellar ataxia19,20,21 have been a major subject of balance research. 
However, much less is known about the contribution of peripheral efferent focal lesions on 
balance and falls.
First, very little is known about the prevalence of falls in patients with neuromuscular 
disorders (NMD), although muscle strength is involved in balance-correcting and -stabilising 
responses. It has been shown that muscle weakness, especially of the lower limb muscles, is 
a risk factor for falls and that muscle weakness is associated with balance problems (see 
Chapter 2 for a review). However, very little research exists on balance and falls in patients 
suffering from NMD featuring muscle weakness. Epidemiological studies on falls in patients 
suffering from muscle disorders provide insights in the clinical relevance of falls and provide 
leads for prevention.
Second, it is unknown how muscle weakness leads to falls. Balance research in NMD patients 
could provide insights in the mechanisms of falling. For example, the question arises 
whether the site of muscle weakness influences the prevalence and mechanisms of falls and 
instability. It has been shown that hip and trunk motion is essential for maintaining balance 
after a roll perturbation has occurred22. When this motion is disturbed, for example by 
stiffness, increased instability results23,24, increasing the risk of falls. One can imagine that 
hip and trunk motion may also be disturbed when proximal muscle weakness is present, and 
that this may result in instability as well. However, this has never been investigated. Thus, on 
the one hand, muscle weakness can lead to falls because of the inability to correct instability 
after a perturbation has occurred. On the other hand, muscle weakness can also increase the 
risk of falls, because it may create an increased prevalence of stumbling. Movements around 
the ankles and knees are just as important for balance-correcting responses after 
perturbations as hip and trunk motion, but are also needed for clearing the feet over 
obstacles. Lifting the feet sufficiently is essential to prevent stumbling25. One can imagine 
that distal muscle weakness interferes with these movements and causes an increased fall 
risk through an increased prevalence of stumbling. Trips and slips are the most prevalent 
causes of falling6. Moreover, lower limb muscle strength (push-off force on a leg press) is a 
predictor for falling after tripping26.
Third, whether and how other muscular deficits influence the balance control system has not 
been investigated. Muscle stiffness, e.g. as a result of myotonia congenita, may also 
interfere with balance-correcting strategies and result in instability and an increased risk of 
falls.
Thus, there is a need for epidemiological and pathophysiological research on instability and 
falls in patients with specific NMDs with well-defined muscle weakness patterns or other 
muscular deficits.
Influence of the afferent system on balance control
In contrast to efferent peripheral disorders, afferent peripheral disorders have been a major 
subject of balance research; especially patients suffering from vestibular loss and patients 
with polyneuropathy resulting in proprioceptive loss. Previous studies have shown that the
Chapter 1
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complex mechanisms of balance control can be investigated by manipulating one of the 
afferent balance control systems27'14. Loss of one sensory input can, however, be partially 
compensated by the remaining inputs, using a process called sensory re-weighting. Sensory 
re-weighting takes place up to a certain limit, after which instability occurs. Sensory analysis 
techniques define this re-weighting by comparing balance control under several stance 
conditions manipulating one or more sensory inputs, and give insights into the contribution 
of each afferent input during different stance conditions.
Most balance studies in patients with peripheral afferent disorders focused on those 
suffering from vestibular dysfunction. About 30% of patients with vestibular disorders in 
general and 50% of those with bilateral vestibular loss suffer falls28,29. Several studies have 
shown that vestibular loss leads to instability. Especially when proprioceptive and/or visual 
inputs are absent or altered30,31, resulting in insufficient sensory re-weighting. For example, 
when standing on a foam surface, resulting in altered proprioceptive inputs, vestibular loss 
patients tend to fall, especially when their eyes are closed20,44. Dynamic posturographic 
analyses have taught us even more about the contribution of vestibular inputs on balance 
correcting responses. Support surface perturbations initiate very early (20 ms after 
perturbation onset) supra-threshold head accelerations, which directly elicit the vestibular 
system. Fast-acting otolith-spinal inputs influence lower-leg muscle activity as early as 60 ms 
after perturbation onset. And 50% of tibialis anterior and quadriceps muscle activity is 
absent in patients with vestibular dysfunction31.
Proprioceptive inputs can be altered in healthy subjects by using a sway-referenced support 
surface32, to null out ankle rotations, but can also easily be manipulated by instructing the 
subject to stand on a foam support surface33. Studies in healthy subjects have shown that 
proprioceptive inputs are of major importance to provide feedback on properties of the 
support surface. Changing from a firm support surface to a foam surface increases body 
sway, especially when the eyes are closed33. This effect is greater in elderly compared to 
young subjects, probably because proprioceptive inputs in the elderly are less efficient. It 
has been shown that body sway while standing on foam correlates to age34. Patients 
suffering from proprioceptive loss, for example due to polyneuropathy as a result of 
diabetes, have also been studied. Peripheral neuropathy increases sway especially when the 
eyes are closed35. Subjects with electro-diagnostically documented peripheral neuropathy 
are 23 times more likely to have reported a fall within the previous year, are six times more 
likely to suffer multiple falls36, and are 17 times more likely to suffer falls during follow-up 
compared to control subjects37. Moreover, it has been shown that patients with peripheral 
neuropathy have gait disturbances and, consequently, have an increased risk of falls mainly 
during walking on irregular surfaces38. Posturographic analysis of quiet stance has shown 
that these patients are unstable when ankle inputs are required to maintain balance, i.e. 
when the support surface is sway-referenced31. Loss of proprioception as a result of diabetes 
is, however, often associated with muscle weakness39. Muscle weakness on itself is an 
important risk factor for instability and falls (see Chapter 2 of this thesis). However, most of 
the abovementioned studies did not measure muscle strength in their polyneuropathy 
patients. There is a need for studies in patients suffering from pure sensory loss without 
motor involvement. These patients are rare, but studies in small but homogenic populations 
will further increase our insights in the influence of proprioceptive inputs on balance control.
General introduction and aims of this thesis
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Studies in healthy subjects have shown the contribution of visual inputs on maintaining 
stability. Closing the eyes increases postural sway during standing by 20-70%. Providing 
altered visual inputs by using, for example, a sway-referenced visual surround, increases 
postural sway as well. Impaired vision adversely affects postural stability and increases the 
risk of falling in older people40. However, visual inputs for balance control are mostly a 
substitute when vestibular or proprioceptive inputs are absent or altered41,42. For example, 
patients suffering from vestibular loss are able to stand with their eyes open on a foam 
support surface (visual inputs compensate for altered proprioceptive inputs), but 
immediately fall over when visual inputs are absent after closing the eyes.
Thus, our present insights into the influence of vestibular and proprioceptive inputs on 
balance control are reasonably well established. We feel that new posturographic methods 
are needed to take this level of knowledge one step further. For example, recent studies 
have shown that the long-held theory that mainly ankle motion is the most important 
motion for maintaining balance during quiet stance is not correct, and that hip motion is 
important as welleg' 43, resulting in movement strategies acting at several body segments. 
What the contribution of vestibular and proprioceptive inputs on these movement strategies 
is, is unknown. On the other hand, most studies mentioned above measured balance control 
in the pitch (anterior-posterior) plane, whereas instability also exists in the roll (medio­
lateral) plane. Different strategies may exist for the pitch versus the roll plane, and these 
may also be influenced by vestibular or proprioceptive loss. Moreover, when hip motion is 
essential for balance control, using body segmental sway measures, e.g. at the pelvis and 
shoulders, may result in a difference in balance control in patients with vestibular versus 
proprioceptive loss, which could be used to differentiate peripheral afferent disorders.
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AIMS OF THIS THESIS
Balance research in efferent diseases has, until now, focused mainly on central causes of 
balance disturbances. The efferent peripheral contribution to balance control is hardly 
known. Research on peripheral afferent diseases exists, but mainly focuses on vestibular 
deficits or on mixed disorders; that is containing a motor and sensory component. 
Moreover, new sophisticated methods are needed to further increase our insights in balance 
control influenced by afferent disorders. This thesis will examine balance control in efferent 
and afferent peripheral focal diseases separately, in specific patient populations with "pure" 
diseases (i.e. disorders where only one component of the normal balance repertoire is 
affected, without the confounding influence of concurrent lesions in other balance systems). 
On the one hand, this thesis is a start of research in the field of balance and falls in 
peripheral efferent disorders and aims to provide insights in the mechanisms of muscle 
weakness as risk factor for falls and provide leads for prevention. To gain these insights, 
epidemiological as well as more sophisticated methods, such as dynamic posturography, will 
be used. On the other hand, this thesis aims to further expand existing insights in balance 
control in patients with afferent dysfunction by using a new posturographic method which 
examines segmental body movements during quiet stance in patients with vestibular or 
proprioceptive loss.
This thesis aims to address the following questions for efferent disorders:
• Is muscle weakness a risk factor for falls and instability?
• Does muscle strength training improve stability and reduce falls?
• Are falls common in patients with neuromuscular disorders?
• How does muscle stiffness influence balance control?
• How does the site of muscle weakness influence falls and balance control?
This thesis also aims to address the following questions for afferent disorders:
• What is the contribution of upper body motion on balance control in patients with 
vestibular versus proprioceptive loss?
• Can pelvis or shoulder sway measures be used to differentiate between afferent 
peripheral disorders?
• What is the effect of proprioceptive and vestibular loss on upper body movement 
strategies during quiet stance?
• How are movement strategies influenced by environmental factors, such as vision and 
surface?
These questions will be discussed in 2 parts of this thesis:
I. Balance and falls in efferent disorders
II. Balance control in afferent disorders
These parts contain the following chapters:
Part I
Chapter 2 gives an overview of the literature on muscle weakness as a risk factor for falls, 
and muscle strength training as a possible fall prevention strategy. Moreover, it provides an 
overview of the existing -  but limited! -  balance research on patients with neuromuscular 
disorders.
Chapter 3 is an epidemiological and pathophysiological study providing insights into the 
prevalence, clinical relevance, and mechanisms of falls in patients suffering from 
facioscapulohumeral disease (FSHD). FSHD is a pure PNS efferent disease. These patients 
suffer from a very specific muscle weakness pattern, without sensory loss influencing the risk 
of falls. Not only does this chapter provide insights in the prevalence of falls in this specific 
patient population, it also gives insights in the influence of muscle weakness on stability and 
the risk of falls.
Chapter 4 investigates balance control during functional stance and gait tasks in patients 
with myotonia congenita. Whereas myopathy patients consistently suffer from muscle 
weakness throughout the day, myotonia congenita is characterised by its paroxysmal 
symptoms of muscle stiffness and weakness. This chapter not only provides insights into 
balance problems existing in this patient population, it also shows the usefulness of body- 
worn gyroscopes for measuring balance control.
Chapter 5 investigates balance control strategies in patients with either distal or proximal 
muscle weakness without sensory deficits. By using a multidirectional rotating support 
surface and measuring body kinematics by infrared lighting diodes and muscle activity by
General introduction and aims of this thesis
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electromyography, instability in these patient populations will be examined in details. We 
will also formulate new leads for the prevention of falls.
Part II
Chapter 6 presents a new sophisticated method of measuring balance control. In this study 
body-worn gyroscopes are used to measure both pelvis and shoulder sway to distinguish 
balance control in patients with either bilateral vestibular loss or bilateral lower leg 
proprioceptive loss. The results provide insights in the existing balance problems in these 
patient populations, but also give rise for the question, whether shoulder or pelvis motion is 
more accurate in measuring instability in these patients and differentiating these from 
healthy controls.
Chapter 7 investigates the relationship between shoulder and pelvis motion during quiet 
stance in patients with bilateral vestibular loss and bilateral lower leg proprioceptive loss. It 
provides insights in upper body movement strategies during quiet stance and the influence 
of vestibular, proprioceptive, and visual inputs on these strategies.
Finally, Chapter 8 provides an overview of the results of the previously described chapters. 
General conclusions and future perspectives are formulated in this chapter as well.
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ABSTRACT
Muscle strength is a potentially important factor that contributes to postural control. In this 
article, we consider the contribution of muscle weakness to postural instability and falling.
We searched the literature for research supporting muscle weakness as a risk factor for falls 
in community-dwelling elderly individuals, for evidence that strength training reduces falls, 
and for supporting pathophysiological evidence.
In virtually all studies that included strength testing, muscle weakness was a consistent risk 
factor for falls in the elderly. Studies that evaluated the merits of muscle strength training 
often showed a reduction in fall rates, particularly when strength training was a component 
of multifactorial interventions, although it was unclear whether strength training alone led 
to a fall reduction. The optimization of fall prevention strategies calls for better insights into 
the pathophysiological relationship between muscle strength and balance control, which has 
been addressed by surprisingly few studies.
We conclude that muscle weakness is an important risk factor for falls that is potentially 
amenable to therapeutic intervention, and that future studies should further clarify the role 
of muscle weakness in balance control and the pathophysiology of falls.
A weak balance:
The contribution of muscle weakness to postural instability and falls
REVIEW CRITERIA
For this review we searched PubMed for articles published from 1978 to October 2007. Search terms 
included combinations of 'falls', 'fall risk', 'exercise', 'intervention', 'stance', balance', 'elderly', and 
'muscle weakness'. For finding pathophysiological evidence a combination of 'neuromuscular 
disease', 'dystrophinopathy', 'muscular dystrophy', 'polio', 'myotonic dystrophy', 'FSHD', 
'facioscapulohumeral dystrophy', 'myopathy', 'myotonia', 'neuromyotonia', 'IBM', 'inclusion body 
myositis', 'myositis', 'myasthenia gravis', 'lambert eaton', 'congenital myasthenic syndrome', 
'spinomuscular atrophy', 'neuropathy', 'ALS', 'amyotrophic lateral sclerosis', 'motor', 
'posturography', 'stabilography' and 'falls' were used. The titles or abstracts of retrieved citations 
were reviewed and prioritized by relevant content. Full articles were obtained and references were 
checked for additional material when appropriate. Studies concerning subjects living in institutions 
were excluded. Prospective studies were included for table 1, randomized controlled trials for table 2 
and 3, and epidemiological, observational or case-control studies for table 4.
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Chapter 2 
INTRODUCTION
Normal balance control requires a delicate cooperation between afferent sensory inputs and 
a flexible efferent (or motor control) system. The afferent system includes vestibular, visual 
and somatosensory inputs. Deficiencies in one or more of these sensory inputs, such as in 
patients with vestibular loss1,2 or with proprioceptive loss resulting from a sensory 
polyneuropathy3'4, impairs balance control and can cause falls. The efferent system is equally 
important for maintaining upright balance, as it generates effective postural corrections 
after a perturbation to stance. Most attention has been paid to the central nervous system 
components of this efferent system, including the pyramidal tracts, the basal ganglia and the 
cerebellum. Evidence supporting the importance of these central efferent systems stems 
from observations on falls and postural instability in patients with conditions such as 
cerebellar ataxia5 or Parkinson's disease6,7.
To date, there has been relatively little focus on the peripheral nervous system components 
of the efferent postural control system. As the ultimate 'effector' in generating balance 
corrections, it seems obvious that an intact muscular system is essential for balance control. 
Theoretically, loss of muscle strength could lead to falls, for example by impairing balance 
correction, or via stumbling when ankle weakness interferes with obstacle clearance. 
Indeed, muscle weakness has been mentioned as one of the many risk factors for falling in 
the elderly8. Moreover, patients with neuromuscular diseases (NMDs) that are generally 
characterized by muscle weakness seem to fall regularly9, although this has not been studied 
in detail.
It is easy to envisage how a deficient efferent system could disturb balance control and lead 
to falls. Figure 1 summarizes the great variety of NMDs that may cause efferent deficits and, 
thereby, induce balance problems and falls. Such deficiencies could consist of weakness, 
located either proximally or distally in the limbs (as in patients with myopathy) or axially (e.g. 
in patients with myositis or amyotrophic lateral sclerosis), stiffness (as in patients with 
myotonia), slowing of muscle contractions (as in patients with a nemaline myopathy), or 
episodic fluctuating weakness (as in patients with myasthenia gravis). Whether these 
different muscular dysfunctions all have the same impact on postural stability is unclear, 
because few studies have specifically addressed falls and instability in patients with 
particular forms of NMD. There are a few exceptions, however. For example, evidence from 
our group suggests that stiff or slow muscles in patients with myotonia congenita lead to 
changes in gait and postural instability11. Hip movements are essential for balance 
recovery12,13, so proximal muscle weakness could theoretically impair the ability to maintain 
balance in the face of externally imposed balance perturbations. Conversely, anecdotal 
evidence suggests that distal muscle weakness (as in patients with a dropped foot) might 
promote falls in a very different way, namely by increasing the number of hazardous 
circumstances: a dropped foot interferes with adequate obstacle clearance and thereby 
predisposes affected patients to stumbling and increases the risk of falling. It has also been 
shown that ankle movements are essential for recovering balance while standing89, 90 and, 
for example, in posturography studies to maintain balance after toes-up platform rotations. 
Moreover, muscle strength contributes to joint stabilisation to stiffen the body and prevent 
soft tissue injuries, as was seen in the elderly91. On the other hand, stiffening of joints might 
also aggravate the risk of falls because it interferes with the normal multilink 'hinging' 
strategy that helps to absorb the impact of a perturbation after it has occurred92-94.
30
Importantly, most patients with NMDs show both distal and proximal weakness, and this 
compounds their risk of falling. Also, the muscle weakness in patients with NMDs is almost 
always progressive, thereby necessitating a continuous adaptation to the mounting 
functional disabilities and postural instability and causing additional fall risks. Such 
considerations raise the interesting question of whether muscle weakness per se is an 
independent risk factor for falling, whether specific forms of weakness are particularly 
deleterious for postural control, and whether muscle strength training could improve 
balance and thereby prevent falls.
A weak balance:
The contribution of muscle weakness to postural instability and falls
Herpes zoster 
Friedreich's ataxia
Spinal muscular atrophy 
Amyotrophic lateral sclerosis 
Poliomyelrtis
Guillaio-BajTé syndrome
Polyneuropathies 
Entrapment or compression 
neuropathies 
Trauma
Muscular dystrophies 
Myotonic dystrophy 
Myotonias 
Myositis
Myasthenia gravis 
Lambert-Eaton syndrome 
Botulism
I________________________________II___________________I
Anatomical structure Examples ot associated
neuromuscular disorders
Figure 1 Neuromuscular diseases affecting the various components of the efferent motor system.
This cartoon underscores the fa ct that the efferent system  can be affected by a wide variety o f  neurom uscular 
diseases, thereby leading to balance problem s and falls.
In this article, we will review the existing evidence for muscle weakness as a risk factor for 
falls. Only a few studies have addressed this issue specifically, but we suspected that much 
supportive evidence could be 'hidden' in the literature. For example, many epidemiological 
studies on risk factors for falling included muscle strength as a baseline measure. Only 
studies with community-dwelling elderly individuals were included for the first part of our 
review. We have also performed a systematic search aiming to identify studies that 
investigated the effects of muscle strength training on falls or on balance measures. Balance 
measures, although conceptually different from falls, will provide complementary 
information on the possible relationship between muscle weakness and falls. For this 
purpose, we distinguished multifactorial interventions (where strength training was part of a 
complex falls prevention strategy) from studies that solely examined strength training. For 
this part of the review, we continued to focus our search strategy on studies of community-
31
dwelling elderly individuals. The goal of our study was to gain fundamental insights into 
muscle strength as the ultimate "effector" for executing balance strategies. In order to 
address this, we also considered studies performed in patients with focal muscular deficits as 
"experiments of nature", thereby making inferrals about the role of normal muscle strength. 
A similar approach has been used, for example, to study the function of the basal ganglia, 
using Parkinson patients as a focal lesion model95, 96. Therefore, we conclude by presenting 
the limited number of studies that specifically examined the pathophysiology of balance 
impairment in populations of patients with particular NMDs, thereby providing information 
that might offer new avenues for balance training strategies and prevention of falls.
Chapter 2
MUSCLE WEAKNESS AS A RISK FACTOR FOR FALLS
Many prospective studies have examined the risk factors for falling in elderly individuals, but 
only a few have specifically scrutinized the role of muscle weakness. One study focused 
solely on the effect of asymmetrical leg weakness on the number of injurious falls in elderly 
women14 (table 1D), and 20 other studies included muscle weakness as part of a 
comprehensive battery of possible other risk factors for falls (summarized in table 1A-D). 
Besides muscle strength, commonly included risk factors included medication, postural 
hypotension, and visual acuity. Adjusted odds ratios (OR) or rate ratios (RR)—if mentioned in 
the studies—are provided in the tables.
Despite the large variation in duration of follow-up (5.6 to 33 months) and the number of 
participants (68 to 1284), all but one study15 found that the overall number of falls, the 
likelihood of recurrent falls (two or more falls within the study period) or the risk of injurious 
falls was influenced by a muscle strength measure. Muscle strength measurements also 
varied widely across studies, and both direct and indirect strength measures were used. 
These measures, however, are conceptually different and not directly comparable (see the 
text box).
Text box
Strength measurement methods varied widely across studies. These 
measures could largely be divided into two groups: direct and indirect 
(surrogate) strength measures. Direct strength measures included those 
methods that purely measured muscle strength with e.g. dynamometry or 
manual muscle strength testing. Indirect, surrogate, measures were those 
that tested muscle strength through functional performance, e.g. the ability 
to get up from a chair or walking stairs. These tests do not only depend on 
muscle strength, but also on other factors, such as balance or coordination. 
Such indirect measures are useful as markers for the impact of muscle 
weakness on daily functioning. However, direct and indirect measures are 
not directly comparable and are not equally useful for objectively 
measuring strength. For future studies we suggest to additionally use direct 
muscle strength measures whenever possible, especially when muscle 
strength is among the outcome variables of the study.
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Table 1A. First fall
A weak balance:
The contribution of muscle weakness to postural instability and falls
Participants Follow-up
|
stno8nS3wct
St Ref
n fallers age gen
der
Effect No effect
169* 34% 60+ m+f mn 5.6 m RR 1.9 (1.1-3.3) and RR adj 1.5 (0.8-2.9) ankle - 17
705** 30%
mean
74
f 1-2 y
RR 1.5 (1.1-2.1) quadriceps; RR 1.3 (1.0-1.8) triceps; 
RR 1.4 (1.0-1.9) chair stands
grip 18
152 41% 59+ f 12-33 m RR 0.91 (0.83-1.00) better leg press; RR 0.49 (0.27­
0.89) faster chair stands
hip; leg 16
*senior citizen housing tenants 
** japanese
Three studies examined the influence of muscle weakness on the risk of a first fall16,17 or the 
time to a first fall18 (table 1A). Two studies found an RR of 1.5 for either ankle strength 
(adjusted for other risk factors)17 or quadriceps strength18. The third study16 found a lower 
fall risk in individuals who had greater muscle strength, as measured with a leg press or chair 
stands (repeated standing from sitting).
In addition, 14 studies investigated the relationship between muscle weakness and the risk 
of falls in general (table 1B). Two of these studies found no correlation between these 
factors15,16. One of the two studies, however, did show that a better chair rising performance 
(a functional test used as a surrogate measure to quantify muscle strength) was associated 
with fewer falls (RR 0.45)16. The authors of the other study15 did not describe their methods 
in detail. One further study19 found significantly decreased leg strength in females (P<0.05) 
—but not males—who experienced falls. However, hand grip was significantly decreased in 
both women (P<0.001) and men (P<0.05) who fell (relative risk adjusted for age: 2.0). Eight 
studies found a relationship between reduced muscle strength and risk of falling. Muscle 
strength measures varied from lower limb20, lower and upper limb21,22,24 or hand grip 
strength,25,26 to functional testing with climbing stairs or rising from a chair without using the 
arms27,28. The OR or RR—when provided—varied from 1.1 for grip strength22 to 10.3 for 
weak hip muscles21. The remaining three studies23,29,30 did not find an effect of muscle 
weakness on general (single) falls; however, these studies did find a significant effect on 
recurrent falls29,30 or injurious falls23.
Seven studies examined muscle weakness in relation to the risk of recurrent falls (table 1C). 
Four studies found a relationship with lower limb muscle weakness26,29-31, four studies found 
a relationship with hand grip strength24,26,31 or arm strength32, and three studies found a 
relationship with chair stands (to measure leg extension strength)26,28,32. In cases where an 
OR or RR was given, it varied from 1.3 for grip strength (in women only)24 to 4.8 for chair
stands28.
The relationship between muscle weakness and the risk of injurious falls was the focus of 
five studies (table 1D). All of these studies found a relationship between leg strength 
(quadriceps, iliopsoas, tibialis anterior or posterior, peroneus, or hip/knee strength 
measured) and injurious falls. RRs varied from 1.1 for iliopsoas weakness in women33 to 3.0 
for timed chair stands in Japanese women18.
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Table 1B. Falls in general (at least one fall)
Chapter 2
Participants Follow-up Effect o f weakness on falls Ref
n fallers age gender Significant effect No effect
OR 2.6 (outdoor falls), 0.45 (overall falls) for
307 50% 75+ f 1 y climbing steps; OR (indoor falls) 0.27 for 
up&go
- 27
76* 55% 70+ m+f 1 y - lower limb 15
grip (m+f) and knee ext (f) decreased in fallers;
684 39% 70+ m+f 1 y rr 2.0 (1.2-3.7) grip (f); Regression rr 1.7 (0.9­
3.1) grip (f)
- 19
984** 30% 75 f 1 y OR 0.78 (0.66-0.91) knee ext; OR 0.84 (0.72­
0.99) knee flex
- 20
96 62% 62+ m+f 1 y grip decreased in fallers - 25
68 50% 65+ m+f 1 y OR 10.33 (2.64-40.36) hip; OR 9.90 (2.03­
48.44) knee
ankle; elbow; 
shoulder
21
152 41% 59+ f 12-33 m RR adj 0.45 (0.22-0.92) faster chair stands hip; leg; grip 16
336 32% 75+ m+f 1 y RR 2.4 (1.7-3.2) and OR adj 3.8 (2.2-6.7) leg; 
RR 1.5 (1.1-2.1) arm
- 22
1103 49% 72+ m+f 31 median - arm; leg 23
354* 36% 70+ m+f 28 w OR 2.5 (1.5-4.1) chair stands0 - 28
84** 52% 50+ m+f 1 y - quadriceps;
ankle°
29
341 39% 65+ f 1 y - quadriceps;
ankle°
30
325 57% 60+ m+f 1 y RR 1.6 (1.1-2.1) grip0
chair stands; 
hip; knee
26
1284 33% 65+ m+f 1 y OR 1.4 (1.1-1.8) feet°°; OR 1.1 (1.0-1.3) (f) and 
1.2 (1.1-1.3) (m) grip
- 24
* hostel for aged but independent 
** not further described 
° single falls
°° several feet problems, including feet strength, examined by questionnaire 
Table 1C. Recurrent falls (>2 falls)
Participants Follow-up Effect o f  weakness on recurrent falls Ref
n fallers age gender Significant effect No effect
354* 16% 70+ m+f 28 w OR 4.8 (2.5-9.3) chair stands - 28
84** 39% 50+ m+f 1 y cc*** 0.23 ankle quadriceps 29
341 21% 65+ f 1 y
quadriceps decreased; ankle decreased; cc*** 
0.16 quadriceps
- 30
RR 2.4 (1.8-3.2) and OR 3.0 (1.2-7)chair stand
325 31% 60+ m+f 1 y (indep. predictor); RR 1.9 (1.4-2.6) hip/knee; RR 
1.4 (1.1-2.0) grip
- 26
287 16% 70+ m+f 36 w
OR 4.7 (1.9-11.5) feet; OR 4.3 (<12kg) or 2.09
31
(<22kg) grip; OR adj 3.1 (1.5-6.6) grip
1284 11% 65+ m+f 1 y OR 1.3 (1.0-1.7) (f) and 1.4 (1.2-1.6) (m) grip; 
OR 1.5 (1.1-2.2) feet°
- 24
RR 2.2 (1.5-3.2) and RR adj 1.6 (1.1-2.5) arm; RR
927°° 10% 72+ m+f 1 y 2.9 (2.0-4.2) and RR adj 2.6 (1.7-3.9) chair 
stands
- 32
* elderly home or apartment, but independent
** hostel for aged but independent
*** canonical correlation of discriminant analysis
° several feet problems, including feet strength, examined by questionnaire 
°° suffering from incontinence, and more than 2 falls reported
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Table 1D. Injurious falls
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Follow-
Participants up Effect o f  weakness on injurious fa lls R ef
n fallers age gender Significant effect No effect
705* 30% mean 74 f 1-2 y
RR 1.8 (1.0-3.3) quadriceps; RR 2.4 (1.3-4.2) and RR adj 
1.4 (1.0-1.9) chair stands grip; triceps 18
843 30% 70+ m+f 2 y
RR 1.7 (1.22-2.25) (m), 1.1 (0.96-1.37) (f) iliopsoas; RR 
1.6 (1.14-2.31) (m) TA; RR 1.5 (1.10-2.16) (m) 
peroneus; RR 1.5 (1.10-2.16) (m) TP; OR 1.8 (0.96-3.32) 
(m+f) iliopsoas TP (f); grip 33
785 48% 70+ m+f 2 y RR 1.4 ilipsoas in disabled elderly ankle; knee; hip 34
403** 28% 63+ f 1 y
OR 1.7 and OR adj 1.6 (one inj fall), OR 2.4 resp 2.2 
(recurrent inj falls) asymm lower leg 14
1103 49% 72+ m+f
31
median
shld/grip decreased in 28% of injured fallers (13% 
controls); hip/knee in 56% (41%); heel stands in 24% 
(12%) 23
* japanese
** healthy women, no further info
Although inconsistent methods were used to measure muscle strength, and a wide range of 
different muscles was measured, most studies found a relationship between muscle 
weakness and the risk of falls. However, the impact of muscle weakness on the risk of falling 
varied greatly, even among studies that measured identical muscles. Six out of 11 studies in 
which a handheld dynamometer was used to measure strength demonstrated that a 
reduced grip strength is a risk factor for falls19,23-26,31. Among those studies measuring leg 
strength with a dynamometer14,16,18-20,29,30, all but one16 demonstrated that leg muscle 
weakness is a risk factor for falls. In those studies that used functional tasks, such as the 
timed chair stands, climbing stairs, heel stands (repeated standing on heels from normal
16,18,23,26-28,32standing) or get-up-and-go tests , , , - , , as surrogate measures of muscle strength, 
inability to perform the task or slow performance was also related to a greater risk of falling. 
A third method, manual testing of limb muscle strength, was used in six studies17,21-23,26,32, all 
of which demonstrated a relationship between reduced muscle strength and rate of first 
falls, falls in general, multiple falls or injurious falls. One study used a questionnaire to 
examine whether any of the participants experienced foot problems, including muscle 
dysfunction24, and this study demonstrated an OR of 1.5 for recurrent falls (table 1C). In the 
remaining four studies15,31,33,34, the methods of strength testing were not further described 
in the paper. Nevertheless, a relationship between muscle weakness and falls was reported 
in three cases31,33,34. The fourth study15 demonstrated no relationship between lower leg 
strength and number of falls, but whether this was attributable to insufficient muscle 
strength testing could not be judged.
MUSCLE STRENGTH TRAINING 
Monofactorial intervention studies
Ten studies investigated the effect of a monofactorial intervention on falls or balance in 
community-dwelling elderly individuals (table 2). Although these interventions varied 
considerably in duration (from 10 weeks to 16 months) and intensity (from twice a week to 
three times daily), they were all focused specifically on increasing muscle strength in the 
targeted muscles and preventing falls or improving balance. Various outcome measures for 
balance were used, including tandem walking, maximal functional reach and posturography 
(table 2).
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Table 2. Monofactorial intervention studies 
Methods Population Effect of training on: Ref
Approach Duration
number
ex CO Age Sex
strength 
sig effect no effect
stability 
sig effect no effect
falls
sig effect no effect
exercise
10m7 
3xpw, lh 37 44 65+ m+f knee ext grip
tandem stance, 
one-legged stance eo
one-legged stance ec, 
tandem gait n.a. n.a. 35
dynamic resistance 12w, 3xpw 25 30 65+ m+f knee ext/flex
backwards tandem 
gait; one-legged 
stance eo (within 
intervention) one-legged stance ec n.a. n.a. 36
weighted vest 
exercises
9m, 3xpw, 
lh 18* 22 50+ f
hip abd; 
knee ext; 
plantarflex dorsiflex lateral stability00 n.a. n.a. 37
leg strength
3m, 3xpw, 
45 min 28 27 75+ m+f
knee ext; 
plantarflex; 
hip ext
hip abd; 
dorsiflex
static posturography, 
maximum reach, 
one-legged stance narrow 
support n.a. n.a. 38
leg resistance 10w, 3xpw 50° 50 64+ m+f
knee
ext/flex;
plantarflex dorsiflex
functional reach, 
stance ground ec n.a. n.a. 39
whole body training
6m, 3xpd, 
lh r 25** 30 68+ m+f
hip; knee; 
elbow ankle
balance beams, 
parallel/(semi) tandem 
stance, stance on tilt boards
rh 0.53 (0.30-0.91); 
rr 0.61 (0.39-0.93) 40
whole body resistance
25w, 2xpw, 
50 min 22*** 32 75+ f
dorsiflex;
quadriceps
fall risk score"; 
stance foam eo balance and mobility score"" n.a. n.a. 41
targeted exercise per 
subject 16m, 3xpd 180 178 85+ m+f
chair
stands; grip tandem stance
hr 0.78 (0.64-0.94); 
hr adj 0.72(0.59- 
0.88)000 42
quadriceps resistance 10w, 3xpw 112° 110 65+ m+f quadriceps n.a. n.a. nr of falls 43
arm and leg resistance
12 m, 
3xpw 30 30 65+ m+f
quadriceps;
grip
static posturography; 
(semi) tandem/one-legged 
stance nr of falls 44
* caucasian non-smoking women
** mild strength/balance deficits
*** with osteoporosis, control group did stretch exercises
" vision, propriception, strength, reaction time, balance
° frail
00 on posturography predicted by hip abd strength; lateral path of sway predicted by relative maximum leg power 
000 1st fall in those able to move outdoors, hr adj = adjusted for age, sex, vision, previous falls 
"  single legged stance, tandem gait, stair mobility
Table 3A. Multifactorial intervention studies -
Methods Population
strength improved
Effect of training on: Ref
number strength stability falls
Approach Duration ex CO Age Sex sig effect no effect sig effect no effect sig effect no effect
B W P C St 2 0  w, 2xpw 40* 40
65-
75 f knee ext timed figure of 8 dynamic posturography fall rate 45
S B C
15 w, lxpw, 1 h 
+home 70 47 70+ m+f quadriceps
coordinated stability; 
balance range
stance ground/foam; 
timed up&go RR 0.82 (0.70-0.97) 46
SB  W R 10 w, 2xpw, 1 h 40** 40
50+/
63+ m+f quadriceps
stance on
ground/foam ec and 
foam eo stance groun eo n.a. n.a. 47
S B C  FEn 1 y, 2xpw, lh 75 76 60+ f
knee/hip 
ext/flex, ankle 
dorsiflex
stance on ground eo, 
on foam eo/ec stance on ground ec
RR 0.31 (0.11-0.90) 
balance related falls falls in general 48
S P C Str En 6 w, 3xpw, 90 min 122 87 65+ m+f
hip/knee
flex/ext;
dorsi/plantarflex,
eversion n.a. n.a. nr of non-fallers 49
S B  En 12 w, 3xpw 90 min 31*** 28
mean
74 m knee flex
knee ext; 
hip; ankle one-legged stance fall rate adj falls in general 50
S B TC
6 m, lxp2w, 1 h 
+home 22 22 73+ f knee ext power grip
tandem gait; 
functional reach
one-legged stance 
eo/ec number of falls 51
S B C En vitD 3 m, 3xpw, 70 min 10* 10 65+ f quadriceps - Berg Balance Test static posturography number of falls - 52
S B  Ph 12 w, 3xpw 23° 22 75+ f
leg ext; 
knee ext/flex; 
ankle plantarflex grip n.a. n.a.
number of 
falls 53
S B C F V Pr 12 m, 2xpw, 1 h
192/
189°° 197 75+ m+f knee flex
knee ext;
ankle
dorsiflex
stance ground/foam 
eo/ec; coordinated 
stability
number of 
falls 54
B = Balance training
Be = Behavorial training, for preventing falls
C = Coordination training
Ca = Calcium supplementation
E = Education about falling
En = Endurance training
F = Flexibility training
Str = Stretching
V = Improve vision
W = Walking
H = Reducing home hazards
P = Posture training
Ph = Physiotherapy
Pr= Improve proprioception (shoes
R = Range of motion training
S = Strength training
St = Stabilisation training
TC = Tai Chi
vitD = vitamine D supplementation
* with osteoporosis 
** controls were only women 
*** fall risk factors present 
etc) ° out-patient geriatric rehabilitation unit
00 intensive intervention/minimal intervention/control 
000 side-by-side, (semi)-tandem, one-legged stance
Table 3B. Multifactorial intervention studies strength not improved
Methods Population Effect of training on: Ref
number strength stability falls
Approach Duration ex CO Age Sex no effect sig effect no effect sig effect no effect
B P W C St 10 w, 2xpw 39 * 40 65+ f
dynamic post urography; 
knee ext - timed figure of 8 n.a. n.a 55
S B C 1 y, lxpw, lh  +home 67** 70 65+ m+f
knee ext; ankle stance on ground eo/ec;
dorsiflex coordinated stability stance on foam eo/ec
IRR 0.60 (0.36-0.99); rr (>2 
falls) 0.44 (0.21-0.96) 56
SB
1 y, 3xpw, 30 min + 3xpw 
W 103 110 80+ f knee ext balance000 functional reach
fall rate; hr first 4 falls 0.68 
(0.52-0.90) 57
B C W Str F ly ,  2xpw, lh  259*** 249 62+ m+f
stance ground/foam eo/ec; 
knee ext - coordinated stability IRR0.78 (0.62-0.99) 58
combined00 1 y, 2xpd, 15-20 min 153 148 70+ m+f arm; leg balance0 rradj 0.76 (0.58-0.98) 59
combined00
3 m active intervention + 3 
m maintenance 129 119 70+ m+f
stance side-by-side/(semi) 
arm; leg00 tandem/one-leg/on toes IRR 0.61 (0.38-0.96) 60
* with osteoporosis 
** controls were only women 
*** retirement village residents
° standing, sitting, transfers, reaching, bending, carrying objects 
00 strength and range of motion
000 combined intervention focused on risk factors per individual subjects
Table 3C. Multifactorial intervention studies - strength not measured
Methods Population Effect of training on: Ref
number stability falls
Approach Duration ex CO Age Sex sig effect no effect sig effect no effect
S B  W 44 w, 3xpw, 30 min + 2xpw W 32* 40 65+ m+f n.a. n.a. RR diff 0.26 (0.45-0.97) - 61
S B  W 2 y, 3xpw, 3xpw W 41 62 80+
rh all falls 0.69 (0.49-0.97); rh injurious falls 0.63 (0.41- 
f n.a. n.a. 0.90) 62
S B  W 7 w, lxpw, 2 h partial at home 147 138 70+ m+f n.a. n.a. RR 0.69 (0.50-0.96) - 63
SB  R i y 141** 141 65+ m+f n.a. n.a. rr 0.64 (0.46-0.90) - 64
S B P R H Be 24 m, lxp4w, 20 min + home 1455 1571 65+ m+f n.a. n.a. OR 0.85 being a faller nr of inj falls 65
S000 Ca 2y, 3xpw, 45 min 02*** 60+ f n.a. n.a. nr of falls ( between 12-18 m follow-up) 66
S B  W 1 y, 3xpw, 30 min + 2xpw W 113 98 75+ m+f n.a. n.a. IRR 0.54 (0.32-0.90) - 67
S B  W 1 y, 3xpw, 30 min + 2xpw W 265 106 80+ m+f n.a. n.a. IRR 0.70 (0.59-0.84) - 68
S B C 5 w, 2xpw, 45 min 26° 26 74+ m+f FR - n.a. n.a. 69
S B  E 17 m, lxpm, 1 h + home 63°° 69 50+ m+f n.a. n.a. hr slips 0.43 (0.21-0.81);hr trips 0.45 0.270.74) falls 70
* taking psychotropic drugs 
** fall/fall-related inj accident&emergency
*** with calcium supplements, nr of exercisers and controls not mentioned 
FR = functional reach
functional reach<10 inch, exercises were done in water (n=13) or on land (n=13) 
00 active seniors 
000 weight bearing exercises
RR diff = difference between RR of intervention vs control group
Muscle strength improvement led to better balance control in three monofactorial 
intervention studies35-37, but did not improve balance in two other studies38'39. One study40 
showed that improved muscle strength reduced the risk of a first fall (relative hazard 0.53) 
and improved the rate of falls over a 6-month period (relative risk 0.61), but did not improve 
balance.
It is interesting to note that although the monofactorial intervention used in these studies 
focused on increasing strength in the targeted muscle groups, the strength training used in 
four studies in fact failed to increase muscle strength41-44. This might be explained by low 
training intensity or a short training period, but there seemed to be no substantial 
differences in these parameters compared with the studies that did improve muscle 
strength. It is possible that inadequate muscle strength testing might underlie the seeming 
ineffectiveness of an intervention; for example, perhaps only a selected number of muscles 
could be tested in some cases. One study found no effect on strength, as measured by 
quadriceps and ankle dorsiflexion, but did report an improvement in balance control 
(postural sway during stance on foam with eyes open)41. Another study among people who 
were able to move outdoors showed a prolonged time to the first fall (hazard ratio 0.78), 
and reported significantly (P<0.05) fewer subjects with balance impairment (measured by 
tandem stance) among the exercisers than among the controls after the intervention42. This 
study used grip strength and rising from a chair as measures for the effect of the 
intervention on muscle strength. It is possible that the training reduced falls and improved 
balance by increasing strength in muscles that were simply not measured in this study. The 
other studies43,44 that did not show improved muscle strength in the group receiving the 
intervention found no effect on the number of falls or on balance measures.
Multifactorial intervention studies
Multifactorial interventions were more common than monofactorial interventions, and were 
the subject of 26 studies (table 3). Again, the variation in treatment duration (5 weeks to 17 
months), intensity (once every week to twice daily), and methods to measure strength was 
considerable. All studies aimed to increase muscle strength in combination with improving 
other risk factors by, for example, balance training, improving coordination, or reduction of 
domestic hazards. Balance measures included one-legged stance, functional reach and 
posturography (table 3).
Sixteen studies included muscle strength as one of the outcomes. Ten of these studies 
showed improved muscle strength after the intervention (table 3A), and eight of these also 
showed a reduced fall rate, improved balance, or both.45-52 One of the remaining studies53 
showed a 25% reduction in falls after the intervention, but this was not statistically 
significant. The remaining study54 showed that the intervention produced neither an 
improvement in body sway under different stance conditions nor a change in fall rate.
Six studies failed to show improved muscle strength after a multifactorial intervention (table 
3B). In one case55, this could possibly be attributed to a relatively short intervention period 
(10 weeks). The other five studies, however, found an effect on falls or balance unrelated to 
improvement of muscle strength56-60. This can most probably be attributed to the other 
parts of the multifactorial intervention, such as balance training or the elimination of other 
risk factors.
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A relatively large number of studies evaluating multifactorial interventions61-70 did not 
include muscle strength as an outcome measure (table 3C). These studies did, however, 
include strength training in the intervention, and they all revealed improvements with 
respect to falls or balance. It is impossible to conclude whether these beneficial effects on 
balance or falls can be ascribed to an increase in muscle strength, to other factors, or to a 
combined effect.
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PATHOPHYSIOLOGICAL EVIDENCE
The work we have described implicates muscle weakness as a consistent and possibly 
important risk factor for falling. However, such 'generic' epidemiological evidence provides 
virtually no insight into the specific pathophysiology underlying the relationship between 
muscle weakness and postural instability. Such knowledge could be derived from focused, 
more-detailed epidemiological or pathophysiological studies on falls or balance problems in 
patients with specific NMDs.
Epidemiological studies (table 4) have shown an increased rate of falls and stumbling in 
patients with myotonic dystrophy compared with healthy controls71, and 30% of patients 
with motor neuron diseases experience falls72. In the first study, patients with myotonic 
dystrophy experienced a total of 127 stumbles and 34 falls over a period of 13 weeks, 
compared with only 26 stumbles and 3 falls in controls71. When this result was corrected for 
the number of steps, more falls and stumbles were still reported in patients with myotonic 
dystrophy than in controls (P<0.007). Because myotonic dystrophy is, in advanced stages, 
clinically characterized by distal weakness combined with knee and hip weakness, these 
findings would suggest that this widespread pattern of weakness clearly predisposes 
individuals to loss of balance, on the one hand by interfering with their ability to maintain 
balance following minor perturbations to stance, and on the other hand by predisposing 
them to stumbling. However, it is important to note that myotonic dystrophy is a 
multisystem disease: patients can also experience cataracts, frontal lobe dysfunction, 
attention impairment97 and/or myotonia, all of which might contribute to falling. The second 
study, which was conducted in neurological in-patients, assessed the number of falls in 
individuals with various disorders that cause balance or gait disturbances, and found a fall 
rate of 1-5 falls per year in patients with motor neuron diseases72. Another study in patients 
with inclusion body myositis73 showed that 10 out of 11 patients had progressive leg muscle 
weakness; 9 of these patients had more proximal than distal weakness, and 6 had falls as a 
prominent symptom.
Detailed pathophysiological studies that address the mechanisms underlying postural 
instability in patients with NMDs are rare. One possible approach to this problem is to use 
posturography to investigate regulation of balance control during quiet stance under various 
conditions (static posturography) or after perturbing the support surface (dynamic 
posturography)74. For example, one study among patients previously affected by 
poliomyelitis investigated subjects quietly standing either on a firm support surface or—to 
reduce the efficacy of sensory feedback from the lower legs—a foam support surface75. The 
results showed a strong association between muscle weakness in the lower limbs (Pearson's 
correlation coefficient r = 0.61) and postural instability, but only while standing on a foam 
surface (i.e. the more challenging condition). Another study among patients with late
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recurrent poliomyelitis76 demonstrated lower scores compared with normal reference values 
on the functional reach test (32% lower), and on the falls efficacy scale, a measure of 
balance confidence (15.4% lower). All but two of the subjects included in this study showed 
weakness in one or both legs, which might have affected balance. However, nine subjects 
out of the 19 tested also had slightly to moderately reduced sensory nerve conduction 
velocities, which might also have influenced balance. One study examined balance control 
using static posturography among boys with Duchenne muscular dystrophy, all of whom had 
muscle weakness mainly affecting the lower limb.77 The results demonstrated that patients 
with Duchenne muscular dystrophy had an increased lateral and anterior-posterior sway, 
and a forward shift of the centre of gravity compared with healthy controls (perhaps 
suggesting a compensatory stooped posture to protect against backward falls78,79). This 
result was consistent across all age groups (5-6, 8-9  and 10-13 yrs old) for lateral sway, but 
was only present for the youngest patients for anterior-posterior sway, and was no longer 
observed when the patients were wearing an orthosis that normalized the position of the 
centre of gravity.
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Table 4. Pathophysiological evidence for a link between muscle strength and balance control
NMD or other 
study population
Muscles N (pt/co) Age Sex Evidence of instability Ref
Myotonic 
dystrophy 1
Lower limb 13/12
Mean
46/34
M+F
More stumbles and falls in patient 
group than in controls
71
Motor neuron 
disease
None 12/0 Mean
58
M+F 1-5 falls/year in patient group, 33% of 
patients experienced falls
72
Inclusion body 
myositis
Lower limb 11/0
Mean
69
M+F
Six patients reported falls as a 
prominent symptom
73
Mean
Stance on ground or foam with eyes
Poliomyelitis Lower limb 40/38(F)
50
M+F open or closed impaired in patient 75
group
Mean
59
Functional Reach test and Falls
Poliomyelitis Limbs, trunk 50/co=ref M+F Efficacy Scale indicated impaired 76
balance in patient group
Duchenne
Increased lateral and anterior­
posterior sway in patient group
muscular
dystrophy
Lower limb 61(M)/37 2-13 M+F 77
Elderly individuals Ankle, knee 72/0 Mean
73.8
M+F Stance with eyes open or closed 
impaired (not significant)
80
Elderly individuals Quadriceps, ankle 
dorsiflexion
95/0a Mean
82
M+F
Impairments in stance on foam with 
eyes open or closed, and static and 
dynamic balance6
81
Healthy
individuals
Ankle dorsiflexion 
and plantarflexion
47/0 Mean
69
M+F
Plantarflexion and dorsiflexion 
correlated with stability of the head 
and trunk
82
Osteoporosis Knee extension 97/0 Mean
69
F Static and dynamic balance impairedc 83
a H ostel fo r  aged  but independent individuals.
b Static balance: stance  on gro und  o r  fo a m  with eyes open o r eyes closed;
Dynam ic balance: vestibu lar stepping test (stepping f o r  1 m inute on the spo t with eyes closed). 
c S tatic  balance: stan ce  on gro und  o r  fo a m  with eyes open o r  eyes closed;
Dynam ic balance: tim ed fig u re  o f  eight.
Abbreviations: co, controls; F, fem a le ; M, m ale; N, num ber; NMD, neurom uscular d isease; ref, reference values were used to com pare  
outcom es to norm al; pt, patients.
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Pathophysiological evidence can also be found in posturography studies addressing postural 
instability in relation to muscle weakness in elderly individuals. One study80 found no 
correlation between strength and instability, but three others demonstrated that ankle and 
knee (or quadriceps) strength was associated with instability during quiet stance81-83. A weak 
but significant correlation was demonstrated between ankle strength and sway when 
individuals were asked to stand on foam with their eyes open (multiple regression analysis 
correlation coefficient -0.24), or with their eyes closed (correlation coefficient -0.25). A 
significant correlation was also found between quadriceps strength and sway during stance 
on foam with eyes closed (correlation coefficient -0 .23)81. Another study82 investigated the 
correlation between ankle plantar flexion and dorsiflexion strength and head or trunk 
stabilization during backward or forward tilts of the support surface. The results showed a 
weak but significant correlation between ankle plantar flexion strength and head 
stabilization (correlation coefficients -0 .34 forward tilt, -0.50 backwards) or trunk 
stabilization (correlation coefficient -0.30 backwards). A third study83 demonstrated that 
10% of variance in static balance and 26% of variance in dynamic balance was explained by 
reduced knee extension strength.
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DISCUSSION
Few studies have specifically assessed muscle weakness as a risk factor for falling. Most 
studies have focused on risk factors in general, some of them including muscle weakness. In 
those studies addressing this subject, the ascertainment methods varied considerably. All 
but one study, however, found that muscle weakness is a consistent and potentially 
important risk factor for falling.
It might be argued that hand grip strength is not a useful measure for balance or falls, as grip 
force will not have a major effect on balance control. On the other hand, grasping is an 
efficient method for preventing falls98, 99, and this strategy might be insufficient when hand 
grip strength is weakened. This could lead to falls. Also, in elderly individuals weakness is 
often generalized, which means that hand grip strength (as a measure of 'frailty') might 
reflect the amount of weakness in lower leg or pelvis muscles, which have a major influence 
on balance control. By contrast, hand grip strength might not reflect muscle strength in the 
lower legs or pelvis of patients with NMDs, because weakness in these patients is often only 
present in specific patterns. For example, weakness in facioscapulohumeral disease initially 
occurs in facial, scapular and humeral muscles, and subsequently spreads to distal and 
proximal leg muscles as the disease progresses84. Similarly, patients with recessive myotonia 
congenita predominantly experience muscle weakness in the legs but not in the hands85.
Several multifactorial intervention studies have examined whether risk factors for falling can 
be influenced, and, consequently, whether falls can be prevented. In these studies, the 
effect of muscle strength training on falls or stability cannot easily be separated from other 
intervention effects, such as balance training or home-hazard reduction. When muscle 
strengthening was included in the intervention, however, this almost always led to an 
improvement with respect to balance or falls. However, it should be noted that balance 
measures are not directly linked to falls. For example, when instability is severely impaired, 
forcing a patient to become bound to a wheelchair, falls will no longer occur because this 
patient no longer walks, and is therefore no longer exposed to high-risk falling
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circumstances100. Conversely, patients may fall despite having sufficient muscle strength, as 
for example in patients with pure cerebellar ataxia or sensory neuropathy. Moreover, 
recurrent falls often cause a fear of falling which also leads to activity avoidance and a 
decreased mobility. It has been shown that NMD patients have a lower daily step-count than 
healthy controls101. As a result of this decreased mobility, high-risk circumstances for falls 
are avoided and this might bias this falls data. Ideally, the incidence of falls should therefore 
be corrected for the activity level or the number of steps taken, as was done by Wiles et al.71 
in patients suffering from myotonic dystrophy.
Monofactorial intervention studies, which merely featured muscle strength training, 
reported less striking results. It is not clear whether this is related to the training intensity, or 
whether strength training alone is not sufficient to improve balance. Studies investigating 
the effect of pure muscle strength training for a sufficient period of time might further clarify 
whether strength training itself improves balance and fall rates.
All of these studies on fall risk and interventions to prevent falls included community- 
dwelling elderly individuals as the study population; none of the work has focused on 
specific NMD patient populations. We were surprised to find how little is known about 
balance problems in patients with specific NMDs, despite the fact that weakness is an 
important feature in these patients and these patients could serve as a model ('experiment 
of nature') for understanding the influence of muscle weakness on balance control. 
Furthermore, it should be noted that the effect of muscle strength training on balance or 
falls in the elderly cannot be extrapolated to patients with NMDs, because specific patterns 
of muscle weakness and progression of weakness call for different intervention strategies. 
Given that muscle weakness is considered to be a consistent and important risk factor for 
falling, detailed pathophysiological evidence might provide more insights and relevant 
options for prevention and rehabilitation in these patients. First, large epidemiological 
studies should determine the rate and mechanisms of falls in patients with NMDs at various 
disease stages, thereby clarifying whether certain muscular deficiencies create particular 
risks of falling. Such studies should also clarify the fall pattern, as this might shed light on the 
pathophysiology. For example, we speculate that the localization of weakness might 
influence the risks and mechanisms of falls, thereby necessitating different intervention 
strategies (figure 2). For example, proximal weakness could lead to falls because the patient 
is not capable of correcting balance after it has been perturbed. This hypothesis is supported 
by the fact that hip movements are a crucial factor for correcting lateral balance12'13. On the 
other hand, it could be hypothesized that distal muscle weakness might increase the risk of 
stumbling, because foot drop would interfere with effective obstacle clearance. Moreover, 
ankle rotations are also essential for balance control during standing and when a relatively 
small perturbation has occurred90, 102.
There are several problems with interpreting such studies in NMD patients. First, patients 
with weakness caused by a polyneuropathy often also experience sensory deficits, which by 
itself can also hamper balance control. Nevertheless, patients with polyneuropathy who 
have ankle weakness are more likely to experience multiple and injurious falls than are 
patients without additional weakness10. Second, an altered posture, which is common in 
patients with muscle weakness, will change the position of the centre of mass (which should 
be maintained over the feet) and thereby also cause balance problems. The influence of 
changes in baseline posture has been underscored repeatedly, for example in a study that
A weak balance:
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showed that a voluntarily assumed 'parkinsonian' stooped posture will reduce the risk of 
falling in a backward direction103. Third, some NMD patients have an increased body weight, 
which could cause additional instability104. However, other patients lose weight as a result of 
muscle wasting, for example in ALS. Also, axial muscle weakness might indirectly cause 
balance problems because of a dropped head-sign which would interfere with normal visual 
feedback or because the vestibular system is not upright105. Figure 3 sketches the underlying 
theory about the link between muscle weakness and falls. This figure also clarifies that 
balance, weakness and falls are three interrelated but different entities, and that specific 
neuromuscular disorders can be used as an 'experiment of nature' to specifically probe the 
influence of certain patterns of muscle weakness on falls. Future studies of young patients 
suffering from myopathy with clustered and well-defined weakness (and also with only 
minor confounding factors that could influence falls and balance) will help us to further 
understand the influence of muscle weakness on instability.
Figure 2 Muscle weakness and the risk of falling: a hypothesis.
(A ) Distal m uscle weakness increases the risk o f  stum bling, but when proxim al m uscles are preserved, subjects 
are usually able to correct balance after stum bling. (B ) Proxim al m uscle weakness leads to a fa ll because of 
inadequate balance correction in the case o f  an external balance perturbation. (C) Com bined distal and  
proxim al m uscle weakness leads to a highly increased risk o f  falls, because o f  an increased stum bling rate as 
well as an inadequate balance correction after a stum ble o r perturbation has occurred.
W i
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A schem atic sketch o f  the underlying theory about the link betw een m uscle weakness and falls, showing that 
balance, weakness and fa lls are three interrelated but different entities. This figure  also show s that specific  
neurom uscular d isorders can be used as an 'experim ent o f  nature' to specifically probe the influence o f  certain 
patterns o f  m uscle weakness on falls. aFor example, reduced proprioception, poor vision, o r w eight gain. bFor 
example, m yositis o r am yotrophic lateral sclerosis. cFor exam ple, lim b-girdle o r other m uscular dystrophies. dFor 
example, m yotonic dystrophy o r polyneuropathies.
Thus far, focused studies in this area are very rare. Moreover, patients experiencing muscle 
stiffness (e.g. myotonia congenita), which also impairs balance control, might have a 
different need for intervention than patients with pure muscle weakness. The same applies 
to patients suffering from fluctuating weakness (as in myasthenia gravis) which might also 
lead to falls106. Another question that arises relates to which grade and progression of 
muscle weakness is minimally needed to cause instability and falls. It is also important to 
establish the point at which patients with muscle weakness should be treated to prevent 
falls.
Medication to improve muscle strength has not been a topic of this review. However, we 
should mention that several drugs can be used to improve strength, with variable success. In 
one study, for example, albuterol, an p2-adrenergic agonist widely used as a bronchodilator 
for the prevention and treatment of exercise-induced asthma, but used in this particular 
study to increase muscle strength, mass and endurance by its assumed ergogenic action, 
combined with strength training did not improve any of the outcome measures (pain, fatigue 
or functional status) in patients with facioscapulohumeral disease86. Another p2-adrenergic
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agonist, salbutamol, produced higher peak torque for knee muscles compared with placebo 
in men without asthma87. The question of whether use of these medications also leads to a 
fall reduction remains unanswered and demands further research. Vitamin D, which has a 
protective effect on fracture risk by increasing bone mineral density, also seems to improve 
muscle strength and thereby reduces fall risk88.
We conclude that muscle weakness seems to represent an important risk factor for falls. 
Weakness can be improved by strength training, especially when provided as a component 
of a multifactorial intervention. However, more insights into the mechanisms and patterns of 
muscle weakness are needed to provide us with leads for better and more-consistent 
interventions to improve muscle strength, improve balance, and reduce falls, especially in 
patients with specific NMDs.
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KEY POINTS
1. Muscle weakness is a consistent and important risk factor for falls, but its 
contribution is surprisingly underestimated in the literature.
2. The exact pathophysiology of muscle weakness as a risk factor for falls remains 
unclear. A hypothetical model of factors influencing balance control when muscle 
weakness occurs is presented in the present paper.
3. Reducing falls by strength training, as a component of a multi-factorial intervention 
strategy, seems superior to pure strength training.
4. Fundamental studies of balance control and falling mechanisms in patients with focal 
and pure NMDs are needed to increase our understanding of the influence of muscle 
weakness on falls, and to provide new leads for development of prevention and 
intervention strategies.
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ABSTRACT
Muscle weakness is a potentially important, yet poorly studied, risk factor for falls. Detailed 
studies of patients with specific myopathies may shed new light on the relation between 
muscle weakness and falls. Here, we examined falls in patients with facioscapulohumeral 
disease (FSHD), who suffer from lower limb muscle weakness. This study provides insights 
into the prevalence, relevance and pathophysiology of falls in FSHD.
We used a validated questionnaire as well as a prospective 3 month follow-up to examine 
the prevalence, circumstances and consequences of falls in 73 FSHD patients and 49 
matched healthy controls. In a subgroup of 28 subjects, we also examined muscle strength 
and electrophysiologically assessed balance using body-worn gyroscopes.
In the questionnaire, 30% of the patients reported to fall at least once a month, whereas 
none of the controls did. Injuries occurred in almost 70% of the patients. The prospective 
study showed that patients fell mostly at home, mainly due to intrinsic (patient-related) 
causes, and usually in a forward direction. Fallers were unstable while climbing stairs, rising 
from a chair and standing with eyes closed, whereas non-fallers had normal balance control. 
Frequent fallers had greater muscle weakness than infrequent fallers.
These findings demonstrate the high prevalence and clinical relevance of falls in FSHD. We 
also highlight the relation between muscle weakness and instability among fallers. Because 
patients fell mainly at home, fall prevention strategies should focus on home adaptations. As 
mainly intrinsic causes underlie falls, the impact of adopting balance strategies or balance 
training should be explored in this patient group.
Epidemiology and pathophysiology of falls in facioscapulohumeral disease
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INTRODUCTION
In patients suffering from neurological diseases, falling is a prevalent and clinical relevant 
problem. For example, in patients with Parkinson's disease about 50% fell at least once 
during a 6 month follow-up, and 25% experienced multiple falls1,2. Comparable fall rates 
have been reported for patients with other central neurological disorders, such as cerebellar 
ataxia3 or Huntington's disease4. Injuries, fear of falling and an associated reduction of 
activities are also common among patients with neurological diseases5.
Much less is known about fall rates in patients with neuromuscular disorders. In one study, 
27% of patients with a variety of neuromuscular disorders fell during a 3-month follow-up. 
Among these, 79% of fallers sustained minor and 5% major injuries6. Many patients reported 
fear of recurrent falling (58%), which also increases the risk of falls7. A prospective study 
among patients with myotonic dystrophy showed a ten-fold increase in falls compared to 
healthy controls8. Among patients with motor neuron disease, 30% experienced falls5. In a 
small study among 11 patients with inclusion body myositis, 6 patients gave a history of 
falls9.
Developing optimal prevention strategies calls for good understanding of the complex 
pathophysiology of falls. Patient-related risk factors such as cognitive impairment, previous 
falls, problems with dual tasks and use of sedative medication are examples of generally 
accepted risk factors for falling1,5,6,10. More recent work has emphasized muscle weakness as 
another potentially important, but hitherto poorly studied, risk factor for falls11. Weakness is 
often reported as a contributing element when present in elderly patients who feature 
multiple risk factors. But the risk of muscle weakness per se has rarely been studied. Lower 
extremity weakness increases the risk for recurrent falls threefold in the elderly12. Muscle 
weakness has also been directly and indirectly associated with falls in post-polio patients13. 
However, the prevalence and clinical relevance of falls in patients with various 
neuromuscular disorders featuring muscle weakness remains unclear11. Intentionally, such 
epidemiological studies in neuromuscular patients could also serve as an 'experiment of 
nature' to provide insights into the pathophysiology of falls.
As a first step, we studied the epidemiology and pathophysiology of falls in patients with 
facioscapulohumeral dystrophy (FSHD). We chose FSHD for 4 reasons. 1. FSHD is the third 
most common inherited muscular dystrophy14,15. 2. Our clinical impression is that falls 
among these patients are common and debilitating, but this has never been studied 
formally. 3. FSHD is characterised by a specific pattern of weakness. It initially affects the 
facial, scapular and humeral muscles, then the peroneal muscles in 80% and pelvic girdle 
muscles in 20% of the patients14. Thus, depending on disease stage and its progression 
pattern, patients may suffer from severe or minor, proximal, distal or overall weakness, 
allowing us to study the contribution of the severity and pattern of weakness on fall rates. 4. 
Other potential intrinsic risk factors for falling, such as visual deficits or somatosensory 
disorders, are usually absent in FSHD patients14,16,17. Because no cure exists for FSHD, care is 
essential. Developing fall prevention strategies should be an essential part of this care.
Our approach was bifold. We conducted a combined epidemiological and pathophysiological 
study that aimed to determine the prevalence, clinical relevance and mechanisms of falling 
in patients with FSHD. To this end, a validated retrospective questionnaire and a prospective
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follow-up were conducted. A balance assessment was performed among a subgroup of 
participants to see whether this could differentiate fallers from non-fallers and provide leads 
for prevention. A muscle strength assessment was performed to determine the influence of 
the severity and pattern of muscle weakness on falls. We hypothesized that FSHD patients 
have a greater fall incidence than healthy controls. The frequency and pathophysiology of 
falls is expected to be associated with the presence of either or both distal and proximal 
muscle weakness.
Epidemiology and pathophysiology of falls in facioscapulohumeral disease
METHODS 
Participants
One hundred-four adult patients with a definite diagnosis of FSHD were asked to participate. 
Patients were recruited via the Neuromuscular Centre of the Radboud University Nijmegen 
Medical Centre and via the Dutch Neuromuscular Diseases Association (Vereniging 
Spierziekten Nederland, VSN)18. We purposely included patients with a broad spectrum of 
disease severity, because of the exploratory nature of our study. Seventy-seven patients 
(74% of the eligible population) agreed to participate in the retrospective part of the study. 
Six did not return the falls questionnaire and were not included in the retrospective analysis. 
We also included 47 healthy controls, mainly partners or other carers. Seventy-three 
patients agreed to participate in the prospective follow-up, which was completed by 72 
patients (67 patients from the retrospective study plus 5 more) and 49 controls (47 from the 
retrospective study plus 2 more). The only exclusion criteria were the inability to read and 
write the Dutch language and any psychiatric or cognitive disease. Demographic and 
anthropometric details of the participants are given in table 1. In a subgroup of the 
participants muscle strength and balance was assessed (see also table 1). For these 
participants, disease severity of FSHD was scored using a 10-grade clinical severity scale19 
adapted from the Ricci score20. This study was approved by the ethical committee of the 
Radboud University Nijmegen Medical Centre.
Table 1. Participants characteristics of prospective fall study.
Epidemiology
FSHD Controls
Muscle strength and balance assessment
FSHD FSHD
Frequent fallers Infrequent fallers Controls
n 72 49 8 10 10
n male/female 42/30 20/29 5/3 6/4 5/5
Age (sem) 50 (1.2) 50 (1.4) 54 (2.5) 49 (3.0) 56 (2.2)
Height in cm (sem) 179 (1.1) 173 (1.4) 173 (2.9) 178 (3.6) 171 (3.1)
Weight in kg (sem) 81 (1.8) 79 (2.4) 80 (8.1) 83 (5.3) 78 (5.5)
BMI (sem) 25 (0.5) 26 (0.7) 26 (2.2) 26 (1.4) 27 (1.6)
CSS (sem) - - 6.8 (0.49)* 4.9 (0.59)* 0 (0)
CSS range - - 5-9 1-6 0-0
Table 1 show s the general characteristics fo r  a ll participants and separately fo r  those included in the muscle 
strength assessm ent. Note that the FSHD freq u en t fallers, infrequent fa llers and controls were sim ilar fo r  age, 
height, w eight a nd BMI, but not fo r  the clinical severity scale (CSS). * p<0.01 com pared to controls
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Procedure 
Epidemiology
A fall was defined as 'any unexpected event that caused the person to land unintentionally 
on any lower surface (floor or object) regardless of any sustained injury.' A near-fall was 
defined as 'an event where a person lost balance, but prevented falling by regaining balance 
or seeking external support'.
Retrospectively, participants were asked to complete a questionnaire, detailing their current 
medical condition (including neurological, orthopaedic, balance problems), prior history of 
falls, near-falls and stumbles for the last week, month, year and fall frequency in general, 
and the consequences of these falls. Participants also reported the site and (subjective) 
severity of their muscle weakness. The questionnaire also included questions regarding the 
functional ability of performing 4 different tasks: standing on toes and standing on heels 
requiring mainly distal lower limb strength, and getting up from a chair and walking stairs 
requiring mainly proximal strength. The questionnaire had been validated in previous studies 
on falls in patients with neurodegenerative disorders1,3,4 and a pilot study in patients with 
neuromuscular disorders6. The questionnaire gave us the opportunity to determine fall 
prevalence, relevance and its relation to muscle weakness over a longer period.
Additionally, participants were contacted by telephone once a week during 13 weeks to 
register any falls prospectively. The telephone call was delivered by an automatic computer- 
phone-system (Pfizer Medconnect). All participants received written instructions how to 
answer this phone call. The researcher personally contacted the subjects who could not be 
reached by the computer, and also approached all subjects who had fallen. During this 
personal telephone interview, information was gathered about the timing, location, 
preceding activities, direction, consequences (e.g. injuries) and apparent cause of the fall. 
The follow-up enabled us to collect detailed information on fall circumstances for each fall 
separately.
Pathophysiology
Balance assessm en t
Balance was measured in a subgroup of the participants (see also table 1), including eight 
frequent fallers (with at least one fall a year according to the questionnaire and at least two 
falls during the follow-up), nine infrequent fallers (with less than one fall a year according to 
the questionnaire and a maximum of one fall during the follow-up), and nine healthy 
controls (with less than one fall a year according to the questionnaire and a maximum of one 
fall during follow-up). Balance was measured using body-worn gyroscopes21 measuring 
trunk sway in the forward-backwards (pitch) and sideways (roll) direction during several 
stance and gait tasks. The system measuring balance control (Swaystar™, Balance 
International Innovations GmbH, Switzerland) was connected to a computer via a Bluetooth® 
connection. The stance tasks lasted 20 seconds and consisted of standing on firm surface 
with eyes closed, and standing on a foam support surface with eyes open and eyes closed. 
The gait tasks included climbing stairs (2 steps of height 30 cm); walking eight tandem (heel- 
to-toe) steps; and rising from a chair and walking 3 meters. In addition, a timed up-and-go 
test (i.e. rise from a chair, walk 3 meters, turn around and return to a seated position in the 
chair) was completed without wearing the device. The balance assessment provided us with 
information on high-fall-risk activities and with a method to differentiate fallers from non­
fallers.
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M u scle  stren g th  a ssessm en t
To determine whether fall prevalence relates to severity and pattern of muscle weakness, 
upper and lower limb muscle strength were evaluated by manual muscle testing according 
to the MRC-scale22 in eight frequent fallers, ten infrequent fallers, and ten controls. 
Specifically, shoulder abduction and exorotation; elbow flexion and extension; wrist flexion 
and extension; hip ante- and retroflexion and ab-and adduction; knee flexion and extension; 
and ankle plantar- and dorsiflexion were tested.
Data analysis
The main outcome measures were self-reported frequency of falls, near-falls and stumbles. 
Secondary outcome measures were self-reported circumstances and consequences of falls. 
The latter included injuries, fear of falling and reduction of activities due to fear of falling. 
Self-reported muscle weakness and the (in-)ability to do certain functional tasks were 
compared to fall frequencies. Trunk sway angles in the roll (side-to-side) and pitch (for-aft) 
direction for the gait tasks and trunk angular velocities for the stance tasks were used as 
outcomes of the balance assessment. Differences between patients and controls were 
assessed using the unpaired Student t-test, ANOVA and Bonferroni, Mann Whitney, Chi- 
square, and Kruskal-Wallis H in SPSS. Relative Risks (RR) of falls were calculated as well. 
Significance was set at p<0.05.
RESULTS 
Prevalence of falls
Falls occurred significantly more often in FSHD patients than controls. In the retrospective 
questionnaire, 30% of the patients reported having at least one fall a month, whereas none 
of the controls reported monthly falls (figure 1). Sixty-six percent of the patients suffered at 
least monthly near-falls, compared to 6% of controls (p<0.05). Stumbles occurred at least 
monthly in 57% of the patients, and in 9% of the controls (p<0.05).
Cumulative % of subjects 
FSHD 
Controls
65%
100
80
60
40
20 *
0
1.4%
daily weekly monthly yearly 
Frequency of falls
Figure 1. Retrospective falls in FSHD
Bar graphs depict the cumulative percentage o f FSHD patients and controls and their frequency o f falls as 
reported in the questionnaire. Note that none o f the controls reported a frequency greater than once a year.
* p<0.05 FSHD versus controls
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During the 13 week prospective follow-up 34 patients (47%) reported 104 falls and 4 
controls (8%) reported 11 falls. The proportion of patients who reported at least one fall was 
much higher than that of controls (RR=5.8; 95% CI: 2.2-15.3; p<0.05). Also a much higher 
proportion of patients (26%) than controls (4%) suffered multiple falls (RR=5.3; 95%CI: 1.3­
21.9; p<0.05). The Relative Risk (RR) of suffering at least one fall during follow-up when falls 
were reported in the questionnaire (at least monthly falls and/or monthly near-falls) was 
3.11 (95% CI: 1.48-6.54; p<0.05).
Clinical relevance of falls
Sixty-nine percent of patients and 57% of controls reported sustaining one or more injuries 
from a fall at some point in time (p=0.253) according to the retrospective questionnaire. 
Thirty-four percent of patients and 16% of controls reported severe injuries. Patients 
reported approximately 3.5 times more injuries due to falls than controls, while the 
proportion of patients (69%) and controls (57%) who had experienced an injurious fall hardly 
differed. This discrepancy can be explained by the number of multiple injuries in patients.
Only 4.3% of controls suffered 3 or more injuries compared with 23% of patients (p<0.05). 
More than half of the patients (51%) reported fear of falling, compared to 7% of controls 
(p<0.05). Due to their fear of falling 35 patients (49%) and 2 controls (4%) reported reducing 
their participation in certain activities (p<0.05). Most of the patients reported to have 
stopped participating in sports and bicycling, some reported to have stopped walking, 
gardening, housekeeping, shopping, or leaving the house for pleasure activities. Control 
subjects only mentioned to have stopped doing extreme sports, such as skiing.
During prospective follow-up similar results were seen; 67% of the patients reported one or 
more injuries as a result of falling, 6 patients (18%) reported multiple injurious falls. Controls 
all suffered at least one injurious fall, 2 reported multiple injurious falls. Major injuries that 
occurred among patients were a fracture of the metacarpal bones, and three head skin 
wounds. One control suffered a rib contusion. All controls were able to get up by themselves 
after they had fallen, whereas 24% of the patients could not get up without help, and 12% 
needed help occasionally. The results of one patient were missing.
Fall circumstances
The most common direction of falling could be specified by 39 patients in the questionnaire: 
72% of these reported falling forwards. During follow-up most patients (41%) fell in forward 
direction as well. For controls the direction of falls varied with each fall. In the questionnaire, 
most patients did not report a common daytime of falling (81%). During follow-up, the 
daytime varied in 35% of patients, 26% reported falling in the afternoon, 21% in the 
morning, 9% in the evening. Only 3 controls specified a moment of falling, each at a different 
daytime. In the questionnaire, 35 patients and 17 controls specified a location of falls; 39% 
of these patients reported falling mostly at home, while none of the controls did (p<0.01). 
Also during follow-up, the largest proportion of patients (33%) always fell at home. During 
follow-up, most patients (41%) suffered falls with an intrinsic cause. Controls always fell as a 
result of environmental hazards (6 during skiing, 3 during ice skating, 1 on a slippery surface, 
and 1 over the leg of a bed), compared to 32% of the patients (p<0.05).
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Pathophysiology 
Characterizing balance
Two frequent fallers were unable to climb stairs and were omitted from evaluation. Figure 
2a shows individual trunk sway angle traces in the pitch and roll plane for a control subject, 
an infrequent FSHD faller, and a frequent FSHD faller while climbing stairs. The frequent 
faller showed greater trunk sway angle in the pitch and roll direction compared to the 
infrequent faller and the control subject. A significant difference in sway angle was found 
between the frequent fallers and controls in the pitch direction and in roll direction between 
frequent fallers and the other two groups (figure 2b). There was no significant difference in 
task duration.
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a. Individual traces climbing stairs 
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Figure 2a. Trunk sway during static and dynamic balance tasks
The three graphs represent sway angle traces in the roll (grey lines) and pitch (black lines) direction while 
climbing stairs fo r  an individual FSHD frequent faller, infrequent fa ller and a healthy control subject.
For get up and go, 1 frequent faller was unable to get up without help and was omitted from 
the analysis of this test. The trunk sway in pitch and roll direction was lowest for the controls 
and highest for the frequent fallers (figure 2c). The differences in trunk sway between 
frequent fallers and controls were significant for roll velocity (p<0.05) and pitch velocity 
(p<0.05). No significant differences in task duration for this task were found, nor for the 
timed get-up-and-go test.
Mean duration of standing on firm support with eyes closed for frequent fallers was 
significantly shorter than for controls and infrequent fallers (14.5 seconds for frequent fallers 
versus 20 seconds for infrequent fallers and controls, p<0.05). The pitch sway velocity was 
significantly increased for frequent fallers compared to infrequent fallers and controls 
(p<0.05) (figure 2d).
59
Chapter 3
b. Climbing stairs
Trunk sway angle (deg) 
40
Roll Angle Pitch Angle
c. Get up and go 
Trunk sway angle (deg) 
60
Roll Angle Pitch Angle
d. Standing on firm surface with eyes closed 
Trunk angular velocity (deg/sec)
40
e. Standing on foam with eyes closed 
Trunk angular velocity (deg/sec)
Roll Velocity Pitch Velocity Roll Velocity Pitch Velocity
I  Control □  FSHD infrequent fallers ^  FSHD frequent fallers 
Figure 2b-e. Trunk sway during static and dynamic balance tasks
Bar graphs represent the mean values, vertical bars the standard error o f the mean, o f trunk sway angle fo r 
FSHD infrequent and frequent fallers and healthy controls during climbing stairs (b) and get up and go (c). For 
the stance tasks, standing on firm surface with eyes closed (d) and standing on foam with eyes closed (e), trunk 
angular velocity is given as a measure o f balance. * p<0.05 frequent fallers versus controls, t  p<0.05 frequent 
versus infrequent fallers.
Significant differences in duration for standing on foam with eyes closed between frequent 
fallers and the other two groups (10.3 versus 20 seconds, p<0.01) were apparent. The sway 
angular velocities in controls and infrequent fallers were similar (figure 2e), but roll velocities 
were greater in frequent fallers compared to controls (p<0.05), and pitch velocities were 
increased for frequent fallers compared to the two other groups (p<0.05)
There were no significant differences between the three groups for the remaining tasks: 
standing on one leg, standing on foam with eyes open, and tandem gait.
Influence of muscle weakness on falls
Figure 3 gives a schematic figure for the muscle weakness found in a frequent faller, who fell 
7 times during follow-up (a) and an infrequent faller, who did not fall during follow-up (b). 
The mean and median MRC-scores of distal and proximal joint movements are given in table 
2.
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Table 2. Mean and median MRC-scores for frequent and infrequent fallers
MRC Distal
Controls (n=10) FSHD infrequent fallers (n=10) FSHD frequent fallers (n=8)
Mean (sem) 5.0 (0.00) 4.9 (0.05) 4.5 (0.17)*
Median 5.0 5.0 4.7
25;75 percentile 5.0; 5.0 4.8; 5.0 4.2; 4.8
MRC Proximal
Mean (sem) 4,9 (0.04) 4,3 (0.11)* 3,9 (0.16)*
Median 5 4.3 3.9
25;75 percentile 4.8; 5.0 4.1; 4.4 3,7; 4.1
Table 2 gives the mean (sem), median and 25-75 percentile o f the MRC-scores fo r  distal (ankle, wrist) and 
proximal (knee, hip, arm, shoulder) jo in t movements, to give an indication o f the muscle weakness pattern of 
frequent and infrequent fallers. * p<0.05 compared to controls and infrequent fallers, * p<0.05 compared to 
controls
FSHD frequent faller
V -
r f i t  
l /M 'à
Right Left
FSHD infrequent faller
MRC score
45
Right
M .
f 7 1 \ \ \
LeftIRight
Figure 3. Muscle weakness in infrequent and frequent fallers
The schematic figures depict the MRC scores o f several muscles (prime movers o f the jo int movement tested) fo r  
an individual FSHD infrequent and frequent faller29.
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In the questionnaire, 94% of the patients reported having some degree of lower limb muscle 
weakness, while none of the controls did. More than 70% of the patients reported moderate 
or severe weakness, 29% little or no weakness. Figure 4 reports the relative risks for 
functional weakness and subjective performance on the functional tasks versus fall, near-fall, 
and stumble frequencies.
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Figure 4. Relative risks of falls, near-falls, and stumbles versus functional weakness
Plots represent relative risk (RR) and 95% confidence intervals fo r  falls, near-falls and stumbles fo r  functional 
weakness and the various functional tasks reported in the questionnaire. Muscle weakness: 'considerable' or 
'little to no' weakness as reported in the questionnaire. Chair: ability to get up from a chair; Stairs: ability to 
walk stairs; Toes: ability to stand on the toes fo r  5 seconds; Heels: ability to stand on heels fo r  5 seconds. Each 
o f these tasks was scored 'with difficulty' or 'with ease'. Note the difference in scales fo r  fa ll frequency versus 
near-falls and stumble frequency. * p<0.05
DISCUSSION
This study showed that falling is a prevalent and clinically relevant problem among FSHD 
patients. Retrospectively, 65% reported at least yearly, and 30% at least monthly falls, 
whereas 47% of the patients suffered a fall during the 13-week follow-up. To our knowledge, 
this is the first study concerning falls among FSHD patients. In our FSHD population, having 
experienced falls in the past (according to the questionnaire) increased the risk of 
experiencing falls during follow-up more than threefold.
The high prevalence of falls and the high rate of reported unfavourable consequences 
indicate the clinical relevance of falls in FSHD patients. Sixty-nine percent of our patients 
reported sustaining an injury following a fall at some point in their lives. Patients reported 
3.4 times more multiple injuries than controls and had significantly more severe injuries (34
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versus 17%). During follow-up 26% of the patients experienced injurious falls. The fact that 
24% of the patients could not get up after falling underlines the clinical relevance even 
more. Fear of falling was reported by 51% of patients; consequent reduction of activities by 
49% (compared to 6 and 4% among controls). It has been shown that fear of falling increases 
the fall frequency, creating a vicious circle7. On the other hand, reduction of activities may 
lead to decreased fall frequency because of a reduced risk exposure23. The lack of correction 
of the fall frequency for activity level is a weakness of this study.
Fall circumstances were determined. In the follow-up and the questionnaire most patients 
reported falling at home, whereas none of the controls did. This may simply reflect that 
patients were more housebound than controls, but it also emphasizes the importance of the 
home environment in fall etiology. Home adaptation should play an important role in 
preventing falls in FSHD patients. Most patients reported falling forwards. Awareness in 
patients and clinicians of the risk of forward falls might prevent falls in the future, for 
example by teaching patients to use more knee bending to maintain balance. It was already 
shown that voluntary knee bending can be incorporated into automatic balance correction 
responses after forwards perturbations24. The activities during which patients most 
frequently fell, during follow-up, were often linked to fatigue (i.e. after strenuous activity, 
standing for a long period of time and standing on one leg). Indeed, fatigue is increased in 
FSHD patients and part of the clinical spectrum25. Research from our group also reported 
that lower muscle strength contributed to lower levels of physical activity, which, in turn, 
contribute to fatigue severity18.
According to the muscle strength assessment, FSHD patients who fell regularly had 
significantly lower muscle strength, than infrequent fallers. An association between muscle 
weakness and falls is apparent, which support findings in previous studies11,12. The findings 
in the questionnaire support this as well and show that walking stairs and standing on heels 
may be good measures to predict increased fall risk in FSHD patients. However, it should be 
noted that these basic tasks do not examine muscle strength exclusively. A combination of 
muscle strength, dynamic balance and adequate range of motion of the lower extremities 
are necessary to perform these tasks28. It should also be noted that self reported weakness 
might have been biased by fall frequency; e.g. those with high fall-frequencies might be 
prone to report more weakness. Objective assessment of muscle strength and performance 
on functional tasks is a more reliable method for determining fall-risk.
The balance assessment showed that fallers were specifically more unstable during walking 
stairs, getting up from a chair and standing with eyes closed. Thus increased fall risk can be 
expected during these activities, because balance measurements have been shown to 
distinguish fallers from non-fallers, e.g. in Huntington's Disease4, or elderly26,27. Patients and 
clinicians should be aware of this increased fall-risk and prevention strategies should focus 
on these specific activities. For example, handrails on stairs, or a stair-elevator, might 
prevent falls. Moreover, balance measures might be a useful means of identifying FSHD 
patients at risk of falling. The lack of differences for the other tasks may be the result of 
greater variability in trunk sway; a consequence of increased difficulty of balance tasks 
within small groups. These tasks appeared not suitable for distinguishing between FSHD 
fallers and infrequent fallers or controls in this study. But studies in greater number of 
patients may reveal differences in more detail.
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The influence of the pattern of muscle weakness (distal versus proximal) could not be 
differentiated in this patient population, because many patients had both distal and 
proximal weakness. Moreover, we did not investigate the influence of asymmetry of muscle 
weakness on balance control. Studies in larger number of patients suffering from pure distal 
versus pure proximal weakness and with specific patterns of weakness (symmetric versus 
asymmetric) will increase knowledge on the influence of muscle weakness on the 
pathophysiology of falls.
It would be interesting to compare our findings to fall frequencies in other NMD populations, 
but this remains presently difficult because prospective epidemiological studies on falls in 
patients with NMD are rare11. Comparing rates of falls and the mechanisms leading to falls in 
different types of NMDs may also shed light on the underlying pathophysiology, and further 
pinpoint the role of the peripheral nervous system in normal balance control.
In conclusion, falling is a common and clinically relevant problem among patients with FSHD. 
Falling is related to muscle weakness. Patients fall mainly due to intrinsic causes in a forward 
direction, and often fall at home. An increased fall-risk can be expected during walking stairs, 
getting up from a chair and when the eyes are closed (or in the dark). Our findings highlight 
the clinical importance of falls in FSHD patients, the need for increased awareness of both 
the clinician and the patient for this matter, and the need for fall prevention strategies, for 
example to train patients in using different balance strategies.
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ABSTRACT
Patients with autosomal recessive myotonia congenita display myotonia and transient 
paresis that diminish with repetitive muscle contractions (warm-up phenomenon). Here, we 
present a new approach to quantify this warm-up phenomenon under clinically relevant gait 
and balance tasks.
Ten patients with DNA proven autosomal recessive myotonia congenita and 14 age-matched 
controls participated. Subjects performed six everyday gait and balance tasks. Balance 
control during these tasks was monitored using two angular velocity transducers that 
measured trunk movements in anterior-posterior (pitch) and medio-lateral (roll) directions 
at the level of the lumbar vertebral column. Tasks were performed under two conditions in 
randomized order: after a 10-minute seated rest period ('rested') and after having 
consecutively repeated the task five times ('warm-up'). Controls were also tested twice.
'Rested' patients showed greatest abnormalities (increased sway in pitch and roll) for 
tandem walking and walking stairs. Balance impairment was also evident for all other tasks. 
After 'warm-up' balance was markedly improved in patients, as reflected by decreased trunk 
sway (especially during tandem walking) and reduced task duration for all tasks. These 
results were evident not only at the group level, but were also clearly present in individual 
patients.
Our results show that trunk sway analysis detects postural instability in myotonia congenita 
patients during everyday gait and balance tasks. Moreover, this technique provides a useful 
tool to quantify the warm-up phenomenon, suggesting a potential use as clinical endpoint in 
future clinical trials.
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INTRODUCTION
Autosomal recessive myotonia congenita (RMC) is a non-dystrophic disorder of skeletal 
muscles characterized by a delayed relaxation of muscles after voluntary contraction 
(myotonia). In addition to myotonia, these patients often suffer from a peculiar transient 
paresis1. Both symptoms are most pronounced after rest, and improve with repeated 
exercise, commonly referred to as the 'warm-up phenomenon'1’2. The exact 
pathophysiological mechanism behind this warm-up phenomenon remains unknown3.
A common method for quantifying the warm-up phenomenon is measuring relaxation times 
and peak force with myometry4,5. These tests are very sensitive measures of myotonia, but 
do not reflect the patient's functional capacities. On the other hand, it has proved difficult to 
score the presence and severity of myotonia based on clinical grounds alone6. Explanations 
include the inter- and intraindividual variability in patients, but also the inter-rater 
variability. Currently used outcome measures include self-assessment scales for quantifying 
myotonia symptoms7 and timed performance of functional tests (the 'get-up-and-go' test 
and 'sit-and-get-up' test). It would be helpful to have a more detailed, quantitative and 
reliable measure of the warm-up phenomenon, for everyday clinical practice (to evaluate 
severity and progression of the disease) and for clinical trials that study new treatment 
strategies for RMC. Indeed, there are no good randomised controlled trials that have 
evaluated the treatment of myotonia, and lack of functional outcome measures was 
mentioned as one of the key problems8.
The goal of the present study was to develop a simple, quantitative test that could be used 
to objectively evaluate the warm-up phenomenon, ideally both at the group level and in 
individual patients. Specifically, we examined the merits of using two angular-velocity 
transducers mounted on the lower back that permitted objective assessment of gait and 
postural stability. Trunk sway analysis appears to be a useful tool to measure instability 
during balance tasks; increased trunk sway is correlated with increased numbers of falls and 
injuries9,10. Previous studies have shown that this technique can quantify changes in balance 
control with ageing, and in patients with Parkinson's disease, spinocerebellar ataxia, or 
unilateral peripheral vestibular deficits11-14. Moreover, measurements of trunk sway can 
detect improvements in balance control following drug treatment in Parkinson's disease12 
and vitamin D supplements in the elderly10, suggesting responsiveness (measurement 
sensitivity to change).
We expected this technique to identify balance and gait problems in patients with myotonia 
that would improve after warm-up. This hypothesis was based on clinical observations, 
showing that leg muscles are always involved in patients with RMC15. We therefore 
quantified balance control in these patients during a series of everyday stance and gait tasks, 
using trunk sway angle and angular velocity as measurement variables.
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METHODS 
Participants
Ten genetically confirmed patients (eight men) with RMC were recruited from the outpatient 
clinic of the department of Neurology at the Radboud University Nijmegen Medical Centre, 
the Netherlands. We excluded patients with drugs or disorders other than RMC that could 
influence balance. The control group included 14 healthy age matched subjects (twelve 
men). Mean age (+/- SD) of the patients was 44.1 (8.1) years of age and of the control 
subjects 46.0 (10.2). All subjects gave written informed consent before the study, which was 
approved by the medical ethical committee of the Radboud University Nijmegen Medical 
Centre, the Netherlands.
Procedure and measurement system
The test protocol included six tasks: Walking eight tandem (heel-to-toe) steps; walking up 
and down two stairs; standing on foam with eyes closed for 20 seconds; get-up from a chair 
and walk 3 meters; walking 3 meters while continuously rotating the head from left to right; 
get-up from a chair, walk around it, and sit down again. These tests were chosen based on 
our prior experience in patients with different balance disorders12-14, as well as on clinical 
experience in RMC where the 'timed get up and go' test and stair climbing have been used 
previously for myotonia assessment6,7,16. Moreover, getting-up from and then walking 
around a chair was recently suggested as a possible functional test8.
The subjects performed each task under two conditions: after 10 minutes seated rest 
('rested'); and after having performed that specific task repeatedly five times ('warm-up'). 
Warm-up for the stance task consisted of walking around for about 1 minute. Ten minutes of 
seated rest between the tasks was deemed sufficient to show an effect of rest on myotonia 
based on previous research7,17,18. The sequence of the tasks and the two test conditions 
were independently randomised, to minimise the effect of learning and ordering effects.
Subjects were barefoot during testing. The foam used in the stance task had a height, width, 
and length of 10, 44, and 102 cm and density of 25 kg/m3. The stairs consisted of two steps 
up and two steps down (each with a height of 30 cm). Trunk sway in the pitch and roll plane 
was measured using two digital angular velocity transducers with low drift (less than 6 
deg/hour) that were attached to the lower back using a converted motorcycle belt 
(SwayStar™ system, Balance International Innovations GmbH Switzerland). The system can 
be connected to a computer by a long cable or used without a cable over a Bluetooth® 
connection. Both methods were used in this study, and produced identical results.
Data analysis
Trapezoid integration of angular velocities was used to calculate angular displacements. Task 
duration was also recorded. Peak to peak angular displacements and velocities, and duration 
of the task were used for analysis. Statistics were performed using SPSS. Comparisons 
between the rested and warm-up condition were performed using paired samples t-tests. 
Group effect for both conditions was calculated using non-parametric testing (Mann­
Whitney). Individual warm-up for each patient was calculated as well. The test-retest results 
for controls (warm-up versus rested condition) were analysed with paired samples t-tests.
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Subanalysis
Task durations tended to be prolonged in patients. Moving slower could, by itself, potentially 
have influenced sway. To determine this possible influence, we performed a sub-study with 
12 healthy controls. During this sub-study subjects were asked to walk 8 tandem steps and 
walk up and down stairs at their normal self-selected speed and at a clearly slower (but still 
self-selected) speed. Trunk sway and duration of the tasks were measured. Peak-to-peak 
angular displacements and velocities were used for analysis, and paired samples t-test was 
run on the data.
RESULTS 
Walking eight tandem steps
Figure 1 shows the results for tandem walking. This task yielded the most significant warm­
up effect. Part A shows the data of a typical myotonia patient after 10 minutes rest (rested) 
and after warm-up. Part B shows the test-retest results for a control subject. Figure 1A 
indicates that the patient required more than 2 times longer to complete the task rested 
compared to after warm-up. The patient also swayed more after rest.
Figure 1C and D show group results. For myotonia patients, the mean duration after rest 
significantly exceeded that after warm-up (figure 1C, p<0.01). Myotonia patients swayed 
more (p<0.01) in both roll and pitch directions after rest, compared to the warm-up 
condition (figure 1D).
In the rested condition, task duration was not only 3 times greater for myotonia patients 
compared to controls (fig 1C, p<0.01), but trunk sway was also greater (p<0.01) and faster 
(p<0.05 not shown) in myotonia patients in both pitch and roll directions (figure 1D).
Walking up and down stairs
Figure 2 shows trunk sway for a myotonia patient (2A) and control subject (2B) while walking 
stairs. This task best indicated a warm-up effect and remaining instability after warm-up. 
Task duration for patients decreased considerably after warm-up (p<0.01 figure 2C). Trunk 
sway in the pitch plane was greater in patients after rest than warm-up (p<0.05 figure 2D).
Duration was about six times longer in myotonia patients compared to controls after rest 
(p<0.01 figure 2C). Trunk sway was significantly greater in rested myotonia patients in the 
pitch and roll directions (p<0.01 figure 2D) and significantly faster in roll (p<0.01 not shown) 
compared to controls.
Other tasks
During standing with eyes closed on a foam support surface, myotonia patients showed a 
significant decrease of pitch velocity after warm-up (p<0.05) compared to after rest. Sway 
velocity significantly increased in the pitch plane (p<0.05) in myotonia patients rested 
compared to controls.
Results from get up from a chair and walk 3 meters were analysed in two phases: the get-up 
and the walking-phase. The maximum trunk pitch angle during the get-up phase, where 
pitch velocity has a zero crossing, was used to quantify the forward trunk flexion needed to
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get up from the chair. This did not change in patients after warm-up. The duration of trunk 
extension, while getting up (after the maximum trunk pitch angle was reached), decreased in 
patients after warm-up (p<0.05). Rested myotonia patients bent more forward while getting 
up (p<0.05) and trunk extension took significantly more time in rested myotonia patients 
compared to controls (p<0.01).
The walking-phase was defined as starting at the end of trunk extension, where trunk pitch 
velocity was smaller than 2 deg/s. Duration decreased for the myotonia patients after warm­
up (p<0.01). Roll velocity was greater after warm-up (p<0.05) than after rest. The walking 
phase was characterized by a longer duration for myotonia rested compared to controls 
rested (p<0.001). Patients had greater roll movements during walking after rest (p<0.01) 
than controls
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Figure 1. Walking eight tandem steps
Trunk sway during walking 8 tandem steps fo r  a RMC patient (1A) and control subject (1B). Mean duration and 
standard error o f mean (1C). Mean peak to peak angles (1D). * p<0.01 paired samples t-test; t  p<0.01, t  p<0.05 
Mann-Whitney
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Figure 2. Walking up and down stairs
Same legend as fo r  figure 1, but in this figure the results fo r  walking up and down stairs are shown. * p<0.01, 
# p<0.05 paired samples t-test; t  p<0.01, t  p<0.05 Mann-Whitney
During walking while rotating the head, pitch trunk sway in myotonia patients was greater 
after rest than warm-up (p<0.05). Duration decreased considerably after warm-up (p<0.01). 
Duration and roll velocity were increased for patients after rest compared to controls 
(p<0.05).
During walking around the chair, duration was longer rested (p<0.01) than after warm-up. 
Roll velocity decreased after warm-up (p<0.05). Duration (p<0.01), trunk sway in roll 
(p<0.05) and pitch velocity (p<0.01) were increased in rested patients compared to controls.
Remaining instability after warm-up
Body sway during standing on foam with eyes closed, tandem walking and walking while 
rotating the head was not different between myotonia patients and controls after warm-up. 
However, during all tasks, duration remained longer for patients than controls after warm­
up (p<0.05, see for example figure 1C and 2C). During the walking-phase (after getting up 
from a chair) and walking stairs (figure 2D), myotonia patients swayed more in the roll plane 
after warm-up (p<0.05) than controls. During walking stairs after warm-up, patients also had 
greater and faster pitch movements than controls (figure 2D, angle: p<0.01, velocity: p<0.05
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not shown). Patients showed greater pitch angular velocities during walking around the chair 
after warm-up (p<0.05) in comparison with controls. Furthermore, myotonia patients bent 
more forward after warm-up (p<0.05) while getting up from a chair compared to controls.
Individual results
Figure 3 shows scatter-plots depicting pitch trunk sway for each individual subject rested and 
after warm-up. Figure 3A displays results for tandem walking, where a consistent intra­
individual warm-up effect in myotonia patients is evident (in all but one of the patients). 
Differences in trunk sway for rested patients compared to controls were substantial at the 
group level. Individual analyses showed that this group effect was mainly explained by five 
very abnormal patients. Largely similar observations were made for walking stairs (figure 
3B).
Tandem walking B Walking stairs
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Figure 3. Individual results
Peak-to-peak trunk sway angle in pitch fo r  walking tandem steps (3A) and walking up and down stairs (3B). 
Lines connect the rested (squares) and warm-up (dots) condition from each individual subject fo r  the same task.
Differences test and re-test in control subjects
Although the differences we found in myotonia patients generally did not appear in healthy 
controls, we found a practice effect (due to task repetition before warm-up) for pitch 
velocity in some tasks in controls. Pitch velocity decreased after warm-up during tandem 
walking (p=0.020, myotonia: p=0.315), standing on foam eyes closed (p=0.020, myotonia: 
p=0.022) and walking while rotating the head (p=0.014, myotonia: p=0.217). Note generally 
angles and not velocities were reduced in patients following warm-up.
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Influence of test duration
The question arises whether slower task performance (as seen in rested patients) artificially 
leads to greater sway angles. This was tested in 12 controls who were asked to purposely 
walk slowly. Figure 4 shows the results for normal and slow speed performance during 
tandem walking and walking stairs. As expected, task duration was significantly increased in 
the slow condition (p<0.05) for both tasks. Angular velocities in roll and pitch during both 
tasks decreased in the slower condition (figure 4A and B, p<0.05). However, sway angle in 
roll and pitch for both tasks did not change between the slow and normal condition.
A Tandem walking B Walking stairs
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Figure 4. Influence of task duration
Trunk angular velocity fo r  walking tandem steps (4A) and walking up and down stairs (4B). Mean results and 
standard error o f the mean fo r  performing the task at normal or at slow speed are shown. * p<0.05 paired 
samples t-test
DISCUSSION
This study shows, for the first time, that RMC patients are unstable during everyday balance 
tasks, even after a warm-up period. Trunk sway analysis can detect this postural instability 
and can also identify clear balance improvements after task repetition, thereby quantifying 
the warm-up phenomenon. These effects were present not only at the group level, but also 
in individual patients. Tandem walking was most sensitive for detecting the warm-up effect 
and thus provides a simple, quantitative clinical test. In the following paragraphs we will 
discuss these main findings in more detail.
Our results showed that RMC patients are unstable during a variety of everyday balance 
tasks, especially after a period of seated rest. The instability was particularly evident during 
two challenging tasks (tandem walking and walking stairs), but was also present during all 
other tasks. Trunk instability was present in both the anterior-posterior (pitch) and medio­
lateral (roll) directions. This increased trunk sway might lead to falls and injuries, which 
appear to be present in RMC patients following clinical experience. These findings 
underscore the need to develop good fall prevention strategies for RMC patients.
We also found that trunk sway analysis could detect and quantify the warm-up phenomenon 
in RMC patients. After a warm-up period (repeating the task five times), task duration was 
decreased and postural instability was improved. As such, trunk sway analysis appears to
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provide a new and objective method for quantifying this peculiar warm-up phenomenon. In 
our study, this warm-up effect was most clearly present during tandem walking. Others 
noted an improvement in timed performance during stair climbing and the "get-up-and-go" 
test6'7'16, and this effect was also observed in the present study, along with improvements in 
trunk stability for these tasks.
Our approach not only detected the warm-up phenomenon for the RMC patients as a group, 
but also identified clear warm-up changes within individual patients. These encouraging 
findings suggest that trunk sway analysis could be used as a clinical endpoint in future 
randomized controlled trials, or as a tool for early diagnosis and follow-up of myotonia in 
individual patients. For these purposes, the test protocol should ideally have to be 
shortened. Indeed, the current entire protocol (six different stance and gait tasks) lasted 
about 75 minutes because we introduced a 10-minute resting-period prior to each new task. 
This is too labour-intensive for use in clinical trials and for follow-up of myotonia in clinical 
settings. Based on our present findings, tandem walking appeared to be the best task for 
quantifying myotonia, as this was the most sensitive and responsive test in our protocol 
(clear instability after rest; unmistakeable warm-up effect; and complete resolution of 
instability after warm-up compared to controls). This test requires no additional equipment, 
and test instructions are unequivocal. It could be argued that timed tandem walking would 
be equally useful to quantify the warm-up phenomenon in RMC patients. However, it must 
be noted that although test duration improved after warm-up, it remained significantly 
prolonged compared to controls, whereas trunk sway completely improved to normal values 
after warm-up. Moreover, patients with a widely varying functional performance could still 
produce the same task duration for the tandem walking task. Likewise, a shorter test 
duration does not necessarily mean a better functional performance. In contrast, trunk sway 
provides additional and objective information about the functional capacity of the patient. 
Clinical trials have been coping with finding the right clinical task for quantifying warm-up. A 
common task used in clinical trials for quantifying myotonia -the round the chair test- did 
not yield satisfactory results in our study. Pending independent confirmation in a new 
patient group, we propose to use tandem walking as an easy and quick quantification 
method for myotonia in clinical trials. Tandem walking can also be used as a bed-side test to 
evaluate functional impairment due to myotonia and transient paresis and in follow-up of 
disease progression.
Although our sample size of ten patients was relatively small, the results were clearly 
present both at the group level and the individual level. This is probably explained by the 
fact that our patients were clearly affected. Further investigations with more mildly affected 
myotonia patients should be performed to further examine the usefulness of trunk sway 
analysis as a method for evaluating functional disability and follow-up of myotonia.
The question arises whether tandem walking is comparable to existing myotonia measures, 
such as timed hand grip. Hand grip is a sensitive test for evaluating the warm-up 
phenomenon. However, trunk sway analysis not only measures the warm-up phenomenon, 
but also measures other features such as coordination and balance, i.e. the functional status 
of the patient. MC patients show myotonia not only in the arms but also in the legs15. Leg 
myotonia clearly influences the functional status of the patient, but this is not measured by 
timed hand grip. In this study, we have examined the merits of trunk sway analysis in its own
Trunk sway analysis to quantify the warm-up phenomenon in myotonia congenita patients
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right. A logical next step would be to compare our approach to other methods such as the 
timed hand grip.
Another possible shortcoming of this study is that even in the warm-up condition, we still 
found some trunk instability in RMC patients compared to controls, suggesting that 
myotonia had not completely resolved. This is likely explained by our warm-up protocol, 
which was relatively brief (repeating the task at hand five times). A complete resolution of 
myotonia following warm-up is possible, but this requires a more intensive task repetition2. 
However, even though we achieved only partial warm-up, our technique of trunk sway 
analysis was able to successfully detect this warm-up phenomenon, suggesting that trunk 
sway has a clear responsiveness to warm-up. A more intensive warm-up protocol would only 
yield a greater responsiveness.
It could be argued that the observed trunk instability in our patients after rest was partially 
an artefact of their slower task performance as a result of the myotonia and transient 
paresis. Indeed, among elderly fallers, a decreased walking speed has been associated with 
increased stride variability19 and greater trunk roll excursions9. However, our control 
experiment has shown that deliberately slower performance of walking tandem steps and 
walking up and down stairs yielded even better trunk stability (lower sway velocity) than 
performance at normal speed. Sway angles were not altered. Thus, we could not find a 
relation between walking speed and trunk sway velocity or angle. This suggests that the 
instability in myotonia patients was not a direct and sole result of a slower performance, but 
was, at least partially, the result of the myotonia and transient paresis.
Finally, our approach does not allow for a separation of myotonia versus transient muscle 
weakness that occurs along with myotonia in RMC patients1. Separating the effect of 
stiffness and weakness on balance control is not possible without complicated 
measurements. Surface EMG, rather than functional testing, can provide insights into the 
warm-up phenomenon and transient paresis in myotonia patients and its warm-up effecteg' 
2’4’20'21, but are time-consuming and less feasible for clinical functional screening purposes. 
Trunk sway analysis is unlikely to replace needle EMG as a diagnostic tool, which detects the 
myotonic discharges in these patients. However, trunk sway analysis can be used as a 
functional outcome measure for follow-up of the disease and to examine the effect of 
therapy.
The present study focused on recessive MC patients, because it is known that these patients 
show a profound warm-up phenomenon2,3,15. We realize that studies comparing the warm­
up phenomenon in recessive and dominant MC patients are required before concluding that 
the warm-up phenomenon is more profound in RMC. Because RMC patients are more 
common in the Netherlands22 we chose to examine this patient population first. A next step 
would be to examine other patient populations that suffer from myotonia, e.g. dominant MC 
patients or patients with sodium channelopathies who also manifest a warm-up 
phenomenon23. Trunk sway analysis might also quantify paradoxal myotonia in 
paramyotonia patients.
We suggest using trunk sway analysis during tandem walking as a sensitive and responsive 
test for quantifying myotonia and its warm-up phenomenon in patients with RMC. Further 
studies are required to fully establish the merits of this test as outcome measure in clinical
Chapter 4
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trials, in comparison to other methods such as timed hand grip, and for screening or follow- 
up in mildly affected patients. Furthermore, this method could be used in the future to 
examine the variability of the extent and duration of the warm-up phenomenon in myotonia 
patients at different times of the day and over different days.
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ABSTRACT
Muscle weakness is consistently associated with falls in the elderly, typically when present 
along with other risk factors. However, it remains unknown whether and how muscle 
weakness alone affects balance. This hampers development of more effective fall prevention 
strategies.
Clinical observations suggest that the amount and distribution of muscle weakness 
influences balance control. We therefore investigated balance corrections in patients with 
either predominantly proximal (limb girdle muscular dystrophy; n=8) or distal (distal spinal 
muscular atrophy; n=5) leg weakness, and 27 matched healthy controls. Balance was 
perturbed using surface tilt rotations that were delivered randomly in eight directions. 
Balance measures were full body kinematics and surface electromyographic activity (EMG) 
of leg, arm, and trunk muscles.
Both patient groups were more unstable than controls, as reflected by greater excursions of 
the centre of mass (COM), especially in the pitch (anterior-posterior) plane. COM 
displacements were greater in distal weakness patients. Patients with distal weakness had 
excessive and unstable trunk, knee and ankle movements, and this was present following 
both forward and backward directed balance perturbations, possibly reflecting the greater 
use of distal leg muscles in these directions. In contrast, the less weak proximal weakness 
patients demonstrated unstable trunk and ankle movements only for backward directed 
balance perturbations. Both patient groups used arm movements to compensate for their 
instability.
We conclude that primarily distal but also proximal muscle weakness leads to significant 
postural instability. This observation, together with the retained ability of patients to use 
compensatory arm movements, provides targets that may be amenable to improvement 
with therapeutic intervention.
Balance control in patients suffering from distal versus proximal muscle weakness
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INTRODUCTION
Adequate balance control depends on the presence of reliable "afferent" information, 
generated by visual, vestibular and proprioceptive sensory inputs. This afferent information 
needs to be centrally processed and integrated, before it is translated into effective postural 
corrections once a balance perturbation has occurred. This "efferent" component of the 
balance repertoire has multiple components, involving both the central nervous system (e.g. 
the pyramidal tract) and the peripheral nervous system (ranging from motor neurons to 
muscles). It is becoming increasingly clear that adequate muscle strength is a key element 
for stable postural control. Indeed, epidemiological surveys have consistently identified 
muscle weakness as an important risk factor for falls in the elderly1,2.
However, weakness in the elderly is typically present along with multiple other risk factors, 
leaving it uncertain whether muscle weakness alone affects balance control. Evidence that 
this may be true stems from observations of falls and postural instability in patients suffering 
from neuromuscular disorders such as facioscapulohumeral muscular dystrophy, 
poliomyelitis or myotonic dystrophy 3,4,s. However, very little is known about the 
pathophysiology of instability and falls in such patient populations. Moreover, even less is 
known about how muscle weakness affects postural stability and leads to falls2. Indeed, only 
very few studies have studied balance control in subjects with muscle weakness3,6,7, and no 
prior study has used advanced posturography techniques to analyse balance corrections in 
detail. This lack of knowledge currently hampers development of more effective fall 
prevention strategies.
We therefore decided to test balance reactions in patients with isolated muscle weakness. 
We were specifically interested whether the distribution of muscle weakness would be 
important, for two reasons. First, anecdotal clinical observations suggested that patients 
with distal leg weakness are particularly prone to stumbling, while patients with more 
proximal leg weakness would be more unstable following external balance perturbations2. 
Second, prior studies using dynamic posturography provided a theoretical framework to 
suggest that balance correcting synergies could be specifically altered, depending on the site 
of muscle weakness. It has been shown that some muscle responses are particularly 
sensitive to balance perturbations in the pitch (anterior-posterior) plane, while others are 
more sensitive to balance perturbations in the roll (side-to-side) plane or a combination of 
these two planes8,9,10. And these muscle response sensitivities appear to follow a proximal- 
to-distal distribution, proximal and axial muscles (such as paraspinals or gluteus medius) 
being more roll-oriented9, lower leg muscles being more pitch-oriented and knee muscles 
acting in both directions10.
Based on these directional sensitivities, the question arises whether patients suffering from 
weakness in distal leg muscles have more difficulty maintaining balance in the pitch plane, 
and those suffering from proximal leg muscle weakness in the roll plane. Such knowledge 
can also help to fine-tune therapeutic interventions. For example, if patients with pure 
proximal weakness truly have unstable roll-directed balance correcting strategies, they 
would require a different intervention than those suffering from pure distal weakness with 
presumably unstable pitch-directed strategies.
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These issues can be addressed by examining patients with specific weakness patterns. For 
example, limb girdle muscular dystrophy is predominantly characterised by pure proximal 
weakness of the trunk, arms and legs, and could serve to investigate the pathophysiology of 
instability caused by proximal weakness. Conversely, distal spinal muscular atrophy (SMA) 
patients experience pure distal weakness of the legs and arms, which does not progress 
proximally, thus providing pathophysiological insights into the effect of distal weakness on 
instability. However, it should be borne in mind that even if these patients have no 
additional clinical symptoms, such as sensory deficits, that could influence balance, they 
generally have population differences in extent of disabling muscle weakness.
Our goal was to examine the specific patterns of instability seen in patients with either 
proximal or distal muscle weakness. To analyse balance corrections in detail, we used a 
multi-directional rotating support surface with multimodal outcome measures (EMG, 
kinetics and kinematics). We hypothesized that distal muscle weakness would cause 
instability in the pitch plane, and that proximal muscle weakness would cause instability in 
the roll plane. Furthermore, we expected each group to employ different movement 
strategies -  based on adapted muscle synergies -  to maintain upright balance.
Balance control in patients suffering from distal versus proximal muscle weakness
EXPERIMENTAL PROCEDURES 
Subjects
We included eight patients with proximal weakness caused by limb girdle muscular 
dystrophy (LGMD, PROXIMAL), five patients with distal weakness caused by distal spinal 
muscular atrophy (SMA, DISTAL), and 27 healthy age- and sex matched controls. All, but one, 
PROXIMAL patients had LGMD type 1B, which is characterised by pure proximal muscle 
weakness without sensory deficits. One patient showed a very similar muscle weakness 
pattern, but the LGMD had not been specified in this patient yet. Patients were recruited 
after a careful selection procedure from the large outpatient population at the Radboud 
University Nijmegen Medical Centre, the Netherlands. All patients were thoroughly screened 
and tested to have pure proximal or pure distal leg weakness without any sensory deficits in 
the lower extremities that might influence balance. This included assessment of vibration 
sense (with Rydell-Syffer tuning fork11), pain sense, and touch sense in legs, both proximally 
and distally; movement sense was tested in distal legs. Achilles tendon and patellar tendon 
reflexes were also tested to be normal. Patients with other neurological or orthopaedic 
disorders were also excluded, as were patients using medication that might influence 
balance. Patients had to be able to stand and walk independently. Patients and controls did 
not differ with respect to age, height, weight and body mass index (table 1). Subjects 
completed a brief questionnaire concerning mobility and balance in daily life, including the 
Activity Based Confidence scale (ABC). Muscle strength was assessed in all patients according 
to the manual muscle testing Medical Research Council (MRC)-scale adapted from Kendall12. 
This adapted scale allows scoring muscle strength from 0 (no contraction) to 10 (normal 
strength). Posturographic testing took place at the University Hospital Basel, Switzerland. All 
subjects gave witnessed written informed consent to participate in the experiments 
according to the Declaration of Helsinki. The institutional ethical review boards of the 
University Hospital of Basel and Radboud University Nijmegen Medical Centre approved the 
study.
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Table 1. Patient characteristics
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Distal Proximal Controls P
Age (yrs) 56 (4.9) 50 (4.4) 46 (2.6) ns
Weight (kg) 76 (7 .3) 71 (4.4) 68 (2.3) ns
Height (cm) 171 (5.1) 180 (3.8) 171 (1.8) ns
BMI (kg/m2) 26.0 (1.07) 21.8 (0.68) 23.2 (0.63) ns
Diagnosis (yrs ago) 9.2 (2.96) 8 (3.24) ns
ABC (%) 60 (6.18) 71.9 (2.81) ns
Subjective ABC (%) 60 (10.37) 81.9 (3.26) 0.014
Neck flexion 9.8 (0.20) 9.6 (0.40) ns
Neck extension 10.0 (0.00) 9.6 (0 .37) ns
Trapezius 9.8 (0.20) 9.3 (0 .25) ns
Deltoideus 9.9 (0.10) 8.2 (0 .40) 0.013
Biceps 9.8 (0.20) 7.9 (0 .45) 0.013
Wrist extension 9.6 (0.40) 9.9 (0 .13) ns
Wrist flexion 9.6 (0.40) 10 (0.00) ns
Iliopsoas 9.3 (0 .37) 7.0 (0.61) 0.010
Hamstrings 9.6 (0 .39) 7.6 (0 .63) 0.037
Quadriceps 9.5 (0.38) 7.5 (0 .66) 0.044
Gluteus Maximus 9.3 (0.58) 8.1 (0 .57) ns
Gluteus Medius 8.7 (0 .54) 6.7 (0 .61) 0.039
Ankle Dorsiflexion 1.2 (0 .73) 9.8 (0.16) 0.002
Ankle Plantarflexion 1.6 (0 .89) 9.9 (0 .13) 0.001
Table 1 gives the general characteristics fo r  the distal weakness, proximal weakness, and control subjects and 
the mean population results and standard error o f the mean (sem) o f the manual muscle testing fo r  the 
patients. The means o f right and left muscles are given. P-values fo r  3-group ANOVA (first 4 rows) or 
nonparametric Mann-Whitney (remaining 17 rows) testing are given. ns: not significant (p > 0.05)
Procedure and measurement system
Subjects stood on a servo-controlled platform that could tilt in combinations of the pitch and 
roll directions. The roll and the pitch axis of the platform had the same height which was 
equal to the average distance of the ankle joint to the soles of the feet. The subjects' feet 
were lightly strapped into heel guides which were fixed to the upper surface of the movable 
platform and prevented stepping reactions when stance perturbations occurred. The roll axis 
passed between the feet. The stance width was standardised (14 cm) and two handrails of 
adjustable height were located 40 cm from the sides of the platform centre. Subjects were 
informed that they were allowed to grasp the handrails if they needed support. Two 
assistants were present to lend support in case of a fall. The test protocol was identical to 
that of Bakker et al13. In summary, stimuli consisted of rotations of the platform in 8 
different directions with a constant velocity of 60 deg/s and a constant amplitude of 7.5 deg. 
Perturbation directions were pure forward (toes down, 0°), forward right (45°), pure right 
(90°), backward right (135°), pure backward (toes up, 180°), backward left (225°), pure left 
(270°), and forward left (335°). Each perturbation direction was presented randomly ten 
times. The first trial was excluded from the analysis to avoid 1st trial and habituation effects 
entering the data.
Data collection
Recordings of biomechanical and electromyographic (EMG) data commenced 100 ms prior 
to perturbation onset and were collected for a total of 1 second. To record EMG activity, 
pairs of silver-silver chloride electrodes were placed unilaterally approximately 3 cm apart
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along the muscle bellies of left Tibialis Anterior, left Soleus, left Biceps Femoris (hamstrings), 
left Rectus Femoris (quadriceps), left Gluteus Medius, left Deltoid Medius (pars acromialis) 
and bilaterally on lower (L1-L2) and upper (Th4-5) Paraspinals muscles. EMG recordings were 
analogue band-pass filtered between 60 and 600 Hz, full-wave rectified and low-pass filtered 
at 100 Hz prior to sampling at 1 kHz.
Full body kinematic data were collected using a three-dimensional optical tracking system 
with 21 infrared emitting diodes (IREDs) (Optotrak®, Northern Digital). The Optotrak® 
cameras sampled the IRED signals at 64 Hz and were placed approximately 4 meters in front 
of the subject. IREDs were placed bilaterally on the ankle, knee, greater trochanter, anterior 
superior iliac spine, wrist, elbow, shoulder, above the ears, and on the angulus sternum and 
the chin. Three IREDs were placed on the rotating platform to define the pitch and roll 
movements of the support surface during perturbation in addition to potentiometer outputs 
on the axes. Subjects wore tight fitting shorts and vests to prevent marker movements with 
respect to the skin.
Support surface reaction forces of both feet were measured from strain gauges embedded 
within the rotating support surface. The strain gauges were located under the corners of the 
plate supporting each foot. From forces recorded perpendicular to the support-surface by 
the strain gauges under the left/right foot and the distances to the centre of ankle joint 
rotation, the AP and lateral ankle torques were calculated for the left/right foot. The torques 
from the left and right foot were added together and displayed to the subject as excursions 
on two rows of diodes mounted on a cross 4 meter from the subject, in order that the 
subject could control his/her pre-stimulus position.
Data analysis
Primary variables of interest were centre of mass (COM) displacement and velocity, trunk, 
pelvis, knee, and ankle angle and angular velocity profiles as well as muscle EMG responses 
of the leg, arm and trunk. Following analogue to digital data conversion of EMG signals, 
these were averaged offline with Optotrak® across each perturbation direction. Zero latency 
was defined as the onset of platform rotation. Subject averages were pooled to produce 
sample population averages for a single direction.
Biomechanical Optotrak® data was digitally filtered at 16 Hz using a zero phase shift 4th 
order Butterworth filter. Total body COM displacement was calculated separately for the AP, 
ML and vertical directions using a 12 segment adaptation14 of a 14 segment model of the 
body15. Two trunk segments (upper and lower trunk) were used instead of four. Very 
occasionally the DISTAL patients (not always the same subject) raised their arms 
considerably to prevent falling, causing IRED signals at the wrists to be lost from view by the 
Optotrak® system due to accompanying arm supination. Therefore we calculated the COM 
position and velocity excluding wrist markers in the model. That is, the body was modelled 
without the arms.
We calculated the following angular displacements: absolute roll and pitch trunk angle, 
absolute roll and pitch pelvis angle, ankle joint, knee joint, and shoulder joint angles. 
Absolute rotation angles of the planes defined by trunk and pelvis body segments and the 
platform surface were defined using 3 or 4 markers on these segments. Knee and ankle joint 
angles were calculated using angles between segments at either side of the joint13. Stimulus
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induced changes were calculated with respect to a pre-trigger time interval of 90 ms ending 
10 ms prior to stimulus onset.
Each EMG response was corrected for background activity by subtracting the average level 
of pre-stimulus activity measured over a 90 ms period ending 10 ms prior to perturbation 
onset. The onset of activity was defined for each muscle based on the direction showing the 
greatest peak activity. From peak activity, the analysis algorithm looked backwards in time 
until activity first reached lower than mean pre-stimulus activity plus 2.5 sd. Then areas were 
calculated over 150 ms from this onset time for each individual response. A second response 
area was calculated over the next 200 ms after the first interval and a third over a fixed 
interval from 500 ms to 800 ms post stimulus with similar calculations used by Bakker et al13.
Statistical analysis
Anthropometric differences between the groups were evaluated using analysis of variance 
(ANOVA) and post-hoc testing (Bonferroni). For each dependent variable of interest a two­
way repeated measures ANOVA was performed with group as between and direction as 
within factor using a significance level of 0.05. Significant differences between groups were 
evaluated within perturbation direction using Bonferroni post-hoc tests.
Chapter 5
RESULTS 
Clinical details
DISTAL patients had less balance confidence during daily activities than PROXIMAL patients, 
as reflected by lower scores on the ABC scale (table 1). DISTAL patients also reported a 
higher frequency of falls; three out of five DISTAL patients (60%) had fallen in the preceding 
month, and all DISTAL patients reported at least one prior fall in the past year. In contrast, 
only four of the eight PROXIMAL patients (50%) reported falls in the past year. All patients 
with falls also reported injuries, mainly bruises and scratches. Results of manual muscle 
testing in both patient groups are also reported in table 1. PROXIMAL patients had 
significantly weaker upper leg muscles, DISTAL patients weaker lower leg muscles. All 
controls had normal strength. Figure 1a visualises the mean muscle weakness present in 
PROXIMAL and DISTAL patients.
COM displacement
Figure 1b shows stick-figures for a control subject, a DISTAL patient and a PROXIMAL patient 
while being perturbed backwards. These stick-figures display body segment motion 
measured by the infra-red sensors during the first second directly after the perturbation has 
occurred. The control subject was stable, but both patients showed clear instability, and 
more so in the DISTAL patient compared to the PROXIMAL patient.
Balance control in patients suffering from distal versus proximal muscle weakness
a. Visualisation of muscle weakness
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Figure 1. Individual examples
Visualisation o f the mean muscle weakness existing in PROXIMAL and DISTAL patients is depicted in figure 1a25. 
See table 1 fo r  exact mean M M T scores. Figure 1b shows stick-figures representing body motion in the pitch 
(anterior-posterior) plane o f a healthy subject, a PROXIMAL, and a DISTAL patient in response to a backward 
perturbation (180°). Light grey lines represent starting position o f the body segments, black lines the position at 
1 second after perturbation.
Figure 2a shows the movements of the COM for the three populations, and for three 
perturbation directions (purely forward (toes-down), purely backward (toes-up), and purely 
sideways (rightward)). DISTAL patients showed greatest instability of the COM, especially 
while being perturbed backward (toes-up, 180°). COM velocity traces are depicted in figure 
2b, showing greatest velocities for DISTAL patients, some 400 ms after perturbation onset, 
i.e. following onset of balance correcting muscle response. Early biomechanical responses to 
the perturbations (0-200 ms after perturbation onset) were similar for all three populations. 
As expected from the COM position traces in figure 2a, the backward perturbation induced 
greatest COM velocity in both patient populations (figures 2b and 3a).
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a. COM linear movement 
AP (mm) toes down 0° toe up 180° Lat (mm) right 90°
T im e (ms) T im e (ms) Tim e (ms)
b. COM linear velocity 
AP (cm/s) toes down 0° AP (cm/s) toe up 180°
Tim e (ms) Tim e (ms) Tim e (ms)
Controls 
■ ■ ■ Distal w eakn ess (DiW) 
Proxim al w eakn ess (PrW )
Figure 2. COM motion
Mean population centre o f mass (COM) linear motion (a) and velocity (b) fo r  controls, DISTAL, and PROXIMAL 
patients, fo r  a forward, a backward, and a lateral (right) perturbation. Vertical dotted line indicates the onset o f 
perturbation. Circles indicate the peak time at which measurements were taken in order to construct the polar 
plots o f figure 3.
Figure 3a shows a polar plot comparing the COM velocity in the three populations at the 
time of maximum velocity peak of the DISTAL patients (as indicated in figure 2b) for each 
perturbation direction. DISTAL patients showed greatest velocities, especially in the pitch 
directions (figure 3a). Significant differences for AP COM velocity between the groups were 
apparent for all directions (p<0.05) except 45°. PROXIMAL patients showed greater COM AP 
velocity compared to controls only for backward perturbations (perturbation directions: 
135°, 180°, and 225° in figure 3a). Lateral COM velocity was similar across all groups (data 
not shown). At 750-850 ms post-perturbation, a significantly greater COM AP displacement 
(p<0.05) occurred in DISTAL compared to PROXIMAL and controls for all directions except 
45°, 270°, 315° (figure 3b). PROXIMAL patients had greater COM displacement compared to 
controls for the backward perturbations (135°, 180°, 225° in figure 3b, p<0.05). Figure 3c 
provides the equivalent COM pitch angle based on the AP displacements at 750-850 ms, to 
permit a comparison with joint and body segment angular motion, as described below.
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a. Anterior-posterior COM velocity at directional peak for DM patients b. Anterior-posterior COM position @ 750-850ms 
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c. COM pitch angle @ 800ms 
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Figure 3. Polar plots COM velocity
Mean population anterior-posterior (AP) COM velocity (a) and position (b) depicted in polar plots fo r  all 
perturbation directions fo r  controls, DISTAL and PROXIMAL patients. The direction o f each radial line represents 
one o f the 8 perturbation directions. The amplitude o f the COM velocity or position is plotted along the radial 
line. Note that control values in b fo r  forward tilt are similar to those o f PROXIMAL patients and therefore not 
visible. The bar graphs represent the equivalent COM pitch angle at 750-850 ms post-perturbation (c) fo r  each 
direction and each group separately. The vertical lines on the bars represent standard error o f the mean. 
Underlined and bold perturbation direction numbers indicate significant ANOVA p<0.05 results. Bonferroni 
p<0.05: *controls versus distal, # controls versus proximal, t  distal versus proximal.
Joint and body segment angular responses
In order to judge which segments gave rise to the changes in equivalent COM pitch angle 
shown in figure 3c, we examined angle changes at several body segments.
Ankle and knee motion
When being perturbed backwards, both DISTAL and PROXIMAL patients showed a change 
from imposed dorsiflexion to an increased destabilising ankle plantar flexion (figure 4a). 
When perturbed forwards, a changeover from plantar flexion to increased ankle dorsiflexion 
occurred only in DISTAL patients and not PROXIMAL patients (figure 4b). Mean left ankle 
angle and significant differences for all perturbation directions are illustrated in figure 4c and 
provide correlates with the trends shown in figure 3c. Ankle angular velocity traces, 
especially at 400 ms post-perturbation, were increased for DISTAL patients compared to 
PROXIMAL and control subjects for both pitch perturbation directions, but only in PROXIMAL
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patients compared to controls for backward perturbation directions (p<0.05, data not 
shown).
Particularly for forward directions, knee flexion was greater in DISTAL patients compared to 
PROXIMAL patients and controls (perturbation directions: 0°, 45° and 315° in figure 4d). In 
addition, DISTAL patients flexed the downhill knee when perturbed sideways (45°, 90°, and 
135° in figure 4d). Mean velocity for both knees was increased in DISTAL patients for forward 
perturbations (0°, 45°, and 315°, p<0.05) at 400 ms after perturbation, and returned to 
almost normal at 800 ms post-perturbation (data not shown).
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b. Left ankle angle -  toes down 0 °
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d. Mean right and left knee angle - toes down 0° 
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c. Left ankle angle @  800 ms 
Angle (deg)
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Perturbation direction
e. Right knee angle @  800 ms 
Angle (deg)
Figure 4. Ankle and knee motion
Mean population traces o f left ankle angle fo r  controls, DISTAL, and PROXIMAL are depicted fo r  a backward (a) 
and forward (b) perturbation. The vertical dotted line indicates perturbation onset; the vertical solid line the 
time at which left ankle angle (c) was calculated fo r  each perturbation direction separately. Figure d shows the 
mean right and left knee angle fo r  the three groups during a forward perturbation. Right knee angle at 800 ms 
post-perturbation is given in figure e fo r  each perturbation direction separately. The vertical lines on the bars 
represent standard error o f the mean. Underlined and bold perturbation direction numbers indicate significant 
ANOVA results p<0.05. Bonferroni p<0.05: * controls versus distal, # controls versus proximal, t  distal versus 
proximal.
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Pelvis and trunk motion
Hardly any differences in pelvis motion were found between the groups. Pelvis pitch angular 
motion was normal for both patient groups, however, trunk pitch motion was in excess of 
the pitch motion of controls to backward perturbations (figure 5a). In contrast, only that of 
DISTAL patients was forwards instead of backwards in response to forward tilts (figure 5b). 
Mean trunk pitch angles and significant differences across groups are given in figure 5c. 
Trunk pitch flexion was increased for DISTAL compared to controls across all directions, 
except 270°, and increased for PROXIMAL patients for backward directions (135° and 180° in 
figure 5c). At 400 ms post-perturbation, trunk pitch velocity was also increased in PROXIMAL 
patients for backward perturbations only (135° and 180° in figure 5d). For DISTAL patients, 
trunk pitch velocity at 400 ms was greater for all perturbation directions except 90° (figure 
5d). Trunk roll angle was increased for DISTAL for 135° at 800 ms. Trunk roll velocity was 
increased for DISTAL for 135° and 180° at 400 ms, and for 270° and 315° at 800 ms post­
perturbation (data not shown).
a. Trunk pitch angle -  toe up 180° 
Angle (deg)
Tim e (ms)
b. Trunk pitch angle -  toes down 0° 
Angle (deg)
'8 -100 0 100 200 300 400 500 600 700 800 Tim e (m s)
c. Trunk pitch angle @ 800 ms 
Angle (deg)
Controls
d. Trunk pitch velocity @ 400 ms Distal weakness (DiW)
Velocity (deg/s) Proximal weakness (PrW)
Perturbation direction
90° p<0.05 ANOVA
*  p<0.05 controls vs distal 
^ p<0.05 distal vs proximal
#  p<0.05 controls vs proximal
Figure 5. Trunk motion
Trunk pitch angle fo r  a backward (a) and forward (b) perturbation are depicted. The vertical dotted line 
indicates perturbation onset; the vertical solid line the time at which trunk pitch angular motion (c) was 
calculated fo r  each perturbation direction separately. Figure d gives the trunk pitch velocity at 400 ms post­
perturbation. The vertical lines on the bars represent standard error o f the mean. Underlined and bold 
perturbation direction numbers indicate ANOVA p<0.05. Bonferroni p<0.05: * controls versus distal, # controls 
versus proximal, t  distal versus proximal.
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Arm motion
Both DISTAL and PROXIMAL subjects used more arm motion than control subjects, 
presumably in an attempt to maintain balance. As both arms will affect balance control, the 
mean of left and right arm rotation and the difference in left and right arm abduction was 
calculated. The rotation action in DISTAL subjects is significantly more forwards (i.e. in the 
compensatory direction) for backward perturbations (180°, 225°). However, in PROXIMAL 
patients, arm abduction is only significantly greater for leftwards perturbations (225°, 270° 
and 315°).
Muscle responses
Muscle response patterns were similar for DISTAL, PROXIMAL and control subjects. 
Differences in muscle response amplitudes were most obvious for DISTAL patients. When 
looking at the responses to forward perturbations (0°), for which ankle, knee and trunk angle 
changes were greater than controls, DISTAL patients showed increased upper paraspinal 
(figure 6a) and hamstring (figure 6b) muscle activity. This was particularly obvious at the late 
interval (500-800 ms, figure 6g and h). For backward perturbations, DISTAL patients showed 
a tendency for reduced responses in tibialis anterior (data not shown). At the late interval 
(500-800 ms after the perturbation), deltoid muscle responses were increased in DISTAL 
patients for all perturbation directions, except 270° (p<0.05, data not shown).
a. Left upper paraspinal - toes down (0°)
mV
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0.01
0
f t
0 200 400 600 800
Time (ms)
mV b. Hamstrings - toes down (0 
0.08
g. Left upper paraspinal @ 500-800 ms
t *■*■■>» +
Hamstrings @ 76-226 ms 
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c. Quadriceps - toes down (0°)
0° 45° 90° 135° 180° 225° 270° 315° 0 °
f. Quadriceps @ 101-251 ms 
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Time (ms)
0° 45° 90° 135° 180° 225° 270° 315 270° 315 ° 
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Figure 6. Muscle responses
Average muscle activity fo r  left upper paraspinals (a), hamstrings (b) and quadriceps (c) during a forward  
perturbation (0°) is shown. Average activity during the peak and late interval fo r  all perturbation directions 
(intervals are coloured grey in figures a-c) are shown in figures d-i). Here, the vertical lines on the bars represent 
standard error o f the mean. Underlined and bold perturbation direction numbers indicate ANOVA p<0.05. 
Bonferroni p<0.05: * controls versus distal, # controls versus proximal, t  distal versus proximal
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PROXIMAL patients showed a tendency of decreased hamstring activity at peak amplitude 
(figure 6d and e) and lower paraspinal muscle activity (figure 6b), but only for backward 
directed perturbations. PROXIMAL patients showed decreased quadriceps activity for 
forward directed perturbations, especially at the late interval (figure 6c, f, i).
Balance control in patients suffering from distal versus proximal muscle weakness
DISCUSSION
This study showed that both distal and proximal weakness caused instability after support 
surface perturbations. Both patient populations had more difficulty with pitch than roll 
directed perturbations possibly due to the greater involvement of lower and upper leg 
muscles in pitch control10. Distal weakness patients showed instability of the COM for 
forward and backward perturbations, whereas proximal weakness patients were mainly 
unstable for backward perturbations. It should be noted, however, that the level of muscle 
weakness was greater in the distal patients.
It has been shown before that muscle strength is a consistent risk factor for falls2 and an 
independent predictor of postural sway in healthy older adults during standing on an 
unstable surface16. In nursing home residents with a history of falling, knee and ankle 
strength (peak torque and power) is decreased, most prominent in ankle dorsiflexion (7.5 
times less power), compared to those without a history of falling17. Knee extension strength 
is a significant determinant of static balance, accounting for 10% of the variance. It 
accounted for 26% of the variance in dynamic stability (timed figure of eight) in women with 
osteoporosis18. However, the question remained what the influence of distal versus proximal 
muscle weakness is on instability and balance control.
Instability and balance correcting strategies in distal weakness patients
Instability in the distal weakness patients appeared to result from the inability to resist body 
motion about the ankle joint when support surface tilt occurs. This is the primary mode of 
control for correcting balance perturbations in the pitch plane9,10,19. For example, the 
tendency to fall backwards causes increased plantarflexion of the ankle joint when the 
support surface tilts backwards. The activation of tibialis anterior and quadriceps resists this 
ankle joint motion. Muscle responses of tibialis anterior and soleus in patients with distal 
weakness tended to be decreased, but were not significantly different from healthy controls. 
Neither were changes in the EMG patterns apparent. The inability to move the body 
forwards when being perturbed backwards, could be seen in increased ankle plantar flexion, 
whereas on forward perturbations ankle dorsiflexion was increased as a result of the 
inability to move the body backwards. Compensation for increased forward motion of the 
body was seen in increased hamstrings activity, resulting in increased knee flexion for 
forward perturbations. On backward perturbations, flexing the trunk forwards aided 
stability, as did forward rotation of the arms. Hamstrings activity was increased in patients 
with distal weakness not only for forward but also for lateral perturbations for which the 
COM remained stable. DISTAL patients were observed to have additional knee and trunk 
flexion after pitch directed surface perturbations. This compensatory strategy was effective 
in the roll plane; in the pitch plane only partially so, as can be concluded from the obvious 
instability of the COM. Indeed, it has been shown that bilateral knee bending during a 
balance correction enhances instability20, whereas unilateral bending of the uphill knee aids 
balance control21. A subject for future studies is whether training patients with distal leg
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weakness to use knee bending during balance correcting responses may help reduce their 
instability and thereby reduce the risk of falls.
Instability and balance correcting strategies in proximal weakness patients
Patients with proximal weakness showed greatest instability for backwards perturbations. In 
contrast to DISTAL patients, control of ankle and knee flexion for forward tilts in PROXIMAL 
patients was similar to that of controls and the trunk remained tilt backwards. However, for 
backward perturbations both ankle and trunk motion was unstable as in DISTAL patients. 
Knee motion was normal across all perturbation directions in these patients, although we 
found reduced muscle strength in upper leg muscles. Manual muscle strength measures, 
however, often are the result of activity of several muscles simultaneously, and can 
therefore not be directly related to EMG measures, although a linear correlation exists for 
some muscles22. Upper leg muscle response amplitudes displayed a tendency to be less than 
normal across all muscles for proximal weakness patients, but this trend was not significant. 
It must be noted, however, that a direct relationship between muscle activity amplitudes 
and joint torques was not explored for the patient groups of this study.
Considerations
The question arises what severity of weakness is the threshold for suffering instability and 
falls, and whether this threshold is different for distal and proximal muscle weakness. Pai 
and Patton23 have reported that an ankle dorsiflexor strength decrease of at least 51% of 
normal, plantar flexion strength decrease of at least 35% of normal, and a friction level (feet- 
floor) of 0.82 or smaller increased the risk of instability, when using an inverted pendulum 
model. Indeed, our distal weakness patients showed very little strength in either dorsi- or 
plantar flexion muscles, resulting in great instability; greater than the instability in the 
proximal weakness patients. However, the DISTAL patients showed greater muscle weakness 
in their distal muscles, than the PROXIMAL patients in their proximal muscles. This was the 
result of our inclusion criteria: because proximal weakness leads to immobility sooner, we 
were not able to include patients with a severity of weakness similar to that found in the 
distal patients, as one inclusion criterion was the ability to stand independently. For 
example, patients with a MRC-score of 2 for distal leg muscles are still able to walk; those 
with a MRC-score of 2 for proximal leg muscles are severely functionally impaired. Whereas 
all distal weakness patients reported to fall at least yearly, only half of the proximal 
weakness patients did. This could show that patients suffering from distal weakness have 
more balance problems or it could be a result of the difference in weakness severity. On the 
other hand, it can be expected that patients with only little distal weakness are not at risk of 
falls, as shown by the model of Pai and Patton23, because they compensate for their loss 
easily and unnoticed by using proximal muscles and, as we noted here, by greater use of 
stabilising arm movements. For example, patients with distal muscle weakness experiencing 
a dropped foot, lift their legs higher to prevent the foot from touching the ground while 
walking. When distal muscle strength is sufficient to lift the foot partially, only small 
movements of the upper legs are needed to compensate for the loss. This may also apply to 
the use of arm muscles within balance correcting responses in these patients.
The question arises why lateral instability was not noted in the PROXIMAL patients. We 
investigated the instability occurring in the PROXIMAL patient with greatest muscle 
weakness. The results of this patient followed the population trend in the pitch plane, but 
not in the roll plane. In the roll plane, COM displacement was considerably worse than the
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mean. Thus, severe proximal muscle weakness leads to roll instability; severe distal 
weakness, however, does not. This suggests that the site of muscle weakness influences the 
type of instability and the severity the amount of instability. Further research comparing 
patients with similar site of weakness, but variation in severity are needed to determine the 
influence of weakness severity at a specific location on balance control. Another aspect that 
needs to be examined in detail is the effect on the site of weakness alone for equally weak 
patients. Given the low numbers of muscle weakness patients available, such studies may be 
difficult to perform.
Although the number of patients in our sample was small, the patients formed two very 
homogenic groups. All patients with proximal weakness, except one, had LGMD type 1B, 
which is characterized by symmetrical proximal lower limb weakness, and all patients with 
distal weakness had distal SMA. We selected our patients on pure distal or proximal muscle 
weakness, with no clinical signs of weakness in other muscles or sensory, vestibular or 
orthopaedic deficits. Although it has been argued that muscle weakness impairs 
proprioceptive control of standing24 we were not able to establish significant changes in 
stretch reflex responses in the muscles we recorded from.
Conclusion
In conclusion, distal muscle weakness causes instability primarily for pitch directed 
perturbations. Proximal muscle weakness causes a lesser instability, but further studies are 
needed to determine the effect of weakness severity on balance control. Compensating 
balance correcting strategies consisted of trunk and arm movements in both populations. 
Ankle and knee bending was particularly abnormal in distal weakness patients leading to 
instability. It is therefore an open question whether training the use of knee movements to 
aid balance responses in these patient populations, might reduce instability and prevent 
falls. Future studies should focus on formulating muscle weakness thresholds and correlating 
these with COM instability following tilt perturbations in order to assess whether an 
increased risk of falls exists.
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ABSTRACT
The objective of this study was to distinguish between normal and deficient balance control 
due to vestibular loss (VL) or proprioceptive loss (PL) using pelvis and shoulder sway 
measures.
Body-worn gyroscopes measured pelvis and shoulder sway in pitch (anterior-posterior) and 
roll (side-to-side) directions in 6 VL, 6 PL and 26 control subjects during 4 stance tasks. Sway 
amplitudes were compared between groups and used to select optimal measures that could 
distinguish between these groups.
VL and PL patients had greater sway amplitudes than controls when standing on foam with 
eyes closed. PL patients also swayed more when standing with eyes closed on firm support 
and eyes open on foam. Standard sensory analysis techniques only differentiated VL patients 
from controls. Stepwise discriminate analysis showed that differentiation required pitch 
measures for VL patients, roll measures for PL patients, and both measures for all three 
groups. Pelvis measures yielded better discrimination than shoulder measures.
In conclusion, distinguishing between normal and deficient balance control due to VL or PL 
required pitch and roll pelvis sway measures. Accurate identification of balance deficits due 
to VL or PL may be useful in clinical practice as a functional diagnostic tool or to monitor 
balance improvements in VL or PL patients.
Identifying deficits in balance control following vestibular or proprioceptive loss using posturographic
analysis o f stance tasks
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INTRODUCTION
Vestibular, somatosensory and visual inputs contribute to balance control during quiet 
upright stance. The importance of these sensory inputs for balance control is underscored by 
observations in patients with specific sensory deficits. For example, peripheral vestibular loss 
(VL) patients have an increased risk to fall1, especially in the dark or on uneven surfaces. 
Many studies have examined balance deficits in VL patients using amplitudes of body sway 
observed as angular deviations, when measured indirectly by force platforms or directly with 
body mounted gyroscopes. These measures exceeded those of controls when visual and/or 
somatosensory inputs were alteredeg' 2-6. Patients with proprioceptive loss in the legs (PL) 
have different balance problems7. Such proprioceptive loss, involving deficient muscle 
stretch reflexes, loss of cutaneous inputs from the soles of the feet and reduced ankle joint 
position sense, is the main cause of instability in patients with polyneuropathy8. 
Examinations in PL patients show, for example, a disturbed balance while standing on one 
leg with eyes open9 or when standing on two legs with eyes open or closed9-12.
In patients with PL or VL, re-weighting of sensory inputs is assumed to take place, such that 
sensory inputs that are still available compensate for the absent input. Re-weighting can be 
illustrated by the so called 'sensory analysis' techniques that attempt to calculate the 
contribution of sensory inputs to balance control. Sensory analysis is based on body sway 
measures in the pitch plane under different two-legged standing conditions13,14. Although 
this analysis is used in clinical settings (see www.equitest.org and www.b2i.info), studies 
presenting results on different types of sensory analyses are rare14. Moreover, such studies 
have not distinguished between patients with different types of balance disorders (e.g. VL or 
PL) and healthy subjects. Such a separation could be helpful in clinical practice, for example 
to support the diagnostic process in patients with subtle symptomatology, confirming a 
suspected cause of balance instability, to monitor disease progression or to evaluate the 
response to therapeutic interventions.
Only few studies aimed to distinguish patients with either VL or PL from those with normal 
balance control. Using dynamic posturography in the pitch plane, Allum et al15 observed that 
proximal postural responses (including trunk velocity) provided better differentiation 
between patient groups than assessment with commonly studied lower-leg responses. It 
was concluded that upper trunk sway measurements could be used to differentiate between 
patients with balance impairments and controls. The question arises whether trunk sway 
measures taken during quiet standing on two legs would be equally useful.
During quiet stance, different movement strategies are used. Originally, it was assumed that 
the body moves like an inverted pendulum about the ankle joint -  the so called ankle 
strategy13,16. Recently, it was suggested that movement patterns are more like those 
corresponding to a hip strategy with anti-phase ankle and hip movements17. Simultaneously 
active ankle and hip strategies at low and high sway frequencies, respectively, were 
observed by Creath et al18, with greater hip than ankle movements being present in PL 
patients19. Given these observations of dual concurrent strategies observed during quiet 
stance, we wondered whether measures of body sway recorded by sensors mounted at the 
pelvis would more optimally distinguish between deficient and normal balance control than 
measures taken from shoulder mounted sensors.
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In this study we used two sets of gyroscopes to measure absolute body sway angular 
velocity. One set was attached to the shoulders and one set was attached to the pelvis 
measuring sway in the pitch (anterior-posterior) and roll (side-to-side) planes, in order to 
determine which measurement location provided the greatest differences between the 
groups. We then determined those peak-to-peak values of sway angles and velocity which 
best distinguished between VL, PL patients and normal controls. We also used standard 
sensory analysis techniques for this purpose as these are commonly used to distinguish VL 
patients from controls.
Identifying deficits in balance control following vestibular or proprioceptive loss using posturographic
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METHODS 
Subjects
Six VL patients (all men) were recruited from outpatients of the ORL Clinic at the University 
Hospital in Basel, Switzerland. Twenty-six healthy age matched controls (15 men) were also 
included in this study. Six PL patients (three men) were recruited from the neurological 
outpatient clinic of the Radboud University Nijmegen Medical Center, the Netherlands. VL 
patients were selected for testing on the basis of normal computer tomography brain scans, 
absence of a nystagmus response to caloric irrigation of both ears and absence of horizontal 
and vertical vestibulo-ocular reflexes in response to steps of 80 deg/s2 whole body 
accelerations of 12 seconds duration. PL patients had proprioceptive loss, as manifested by 
diminished or absent deep tendon reflexes in both legs up to the knees, but completely 
normal muscle strength. All PL patients underwent sensory and motor nerve conduction 
studies and needle-EMG studies to diagnose a pure sensory neuropathy or neuronopathy 
without motor abnormalities. Exclusion criteria for both patient groups were: any other 
neurological, orthopedic or psychiatric disorders, severe visual impairment and cognitive 
impairment. Mean age (range) was 40.7 (21-48) years for VL patients, 57.3 (27-70) years for 
PL patients and 45.8 (28-69) years for healthy subjects. The PL patients were older than the 
VL patients (p = 0.04). Body weight was 74 ± 4.7 (sem) kg for the VL patients, 81 ± 8.5 kg for 
the PL patients, and 74 ± 2.5 kg for the controls. Height was 175 ± 2.2 cm for the VL patients, 
177 ± 6.1 cm for the PL patients, and 174 ± 1.6 cm for the controls. Body mass index (BMI) 
was 24.1 ± 1.6 for the VL patients, 26.0 ± 1.6 for the PL patients, and 24.4 ± 0.6 for the 
controls. These measures did not differ between the groups. All subjects signed informed 
consent as approved by the ethical committees of the University Hospital Basel and the 
Radboud University Nijmegen Medical Center.
Procedure
Subjects performed four tasks: standing barefoot on a firm or on a foam surface with eyes 
open or eyes closed. The feet were placed apart at shoulder width and the arms were 
hanging by the sides. The foam support surface was used to reduce the effectiveness of 
lower-leg proprioceptive inputs to balance control2,20. The presentation was counter­
balanced for firm and foam support surfaces. The block of foam used had the characteristics 
of 40% Din 53577 and a height, width, and length of 10 by 44 by 204 cm, with a density of 25 
kg/m3.
For eyes open tasks, subjects were asked to fixate on a point 5 meter away. During all tasks, 
an assistant stood next to the subject in order to lend support in case balance was lost. 
Record duration for each task was 3 minutes. However if balance control was lost before 3
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minutes the task was repeated until about 3 minutes of data was collected. In this case; the 
trial with the longest duration was used for analysis. We repeated trials twice for 4 VL and 2 
PL patients due to loss of balance while performing the eyes closed on foam task.
Measurement systems
We used two identical measurement systems (SwayStar™, Balance International Innovations 
GmbH, Switzerland). Each system consisted of two digital angular rate gyroscopes mounted 
on hard plastic elements (back protectors) of tightly fitting motor cycle belts. One system 
measured absolute angular velocity deviations in the roll (lateral) and pitch (anterior­
posterior) planes at the pelvis and the other at the shoulder. The sampling rate was 100 Hz 
and the start of sampling for both systems was synchronized together. The drift of the 
gyroscopes was approximately 1 deg/hr (less than the earth's rotation). Three minutes of 
measurement could therefore result in a drift of maximally 0.05 deg depending on the 
orientation of the sensors to the earth rotation. The system mounted at the pelvis measured 
the combined effect of ankle, knee and pelvis rotations about the hips at the level of the 
femoral head, while the system at the shoulder measured the combined effect of ankle, 
knee, hip and trunk rotations at the level of the humeral head. Note, if the body moves as an 
inverted pendulum these measurements will be identical.
Data processing and statistical analysis
Roll and pitch angles for the pelvis and shoulder data were derived from the recorded 
angular velocities by trapezoid numerical integration. Across each subject's longest trial the 
peak-to-peak sway angles and angular velocities in the roll and pitch directions were 
calculated (see figure 1 for an example of roll and pitch angle). Our primary analysis on these 
measures was a 3 (subject groups) x 2 (visual condition eyes open or closed) x 2 surface 
(foam or firm) MANOVA. Having established significance for each of these factors, mean 
group values were then compared between VL, PL patients and controls for each test 
condition using ANOVA techniques with post-hoc t-tests with Bonferroni corrections. For 
brevity, significant ANOVA results are presented using the p values for post-hoc tests.
In order to distinguish between the groups we used two techniques. The first, standard 
sensory analysis, attempts to estimate the proportion of sensory inputs contributing to 
balance control by calculating three ratios: a somatosensory, visual, and vestibular ratio. 
Two different sets of ratios were used (table 1). The first set of ratios (given in percentages) 
is that recommended by the manufacturers of the SwayStar™ system and uses differences 
between test measures14 (www.b2i.info). These ratios were calculated using either 
differences between peak-to-peak trunk angular sway velocities or sway angles during the 
four stance conditions ('difference ratios'). For this technique, the somatosensory ratio is 
defined based on the percentage influence on sway due to standing on foam across all four 
stance conditions; the visual ratio based on the influence of closing the eyes on sway; and 
the vestibular ratio as the remaining difference to 100%. The greater the ratio is, the greater 
the sensory contribution to balance control. The second set of ratios is recommended by the 
manufactures of Equitest™ and used quotients of test measures14 ('quotient ratios', 
www.equitest.org). These ratios were also calculated with either peak-to-peak angles or 
angular velocities. As the quotient ratios (see table 1) are based on values for two tasks (one 
of which is smaller), this set of ratios can yield values greater than 100%. The somatosensory 
ratio is defined as the patient's ability to use inputs from the somatosensory system to 
control balance, the visual ratio is the ability to use inputs from the visual system; and the
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vestibular ratio is the ability to use inputs from the vestibular system. Smaller values imply a 
greater sensory contribution. All sensory analysis ratios were calculated for pelvis and 
shoulder measures in the pitch and then separately for the roll plane.
Identifying deficits in balance control following vestibular or proprioceptive loss using posturographic
analysis o f stance tasks
Table 1. Formulas for sensory ratios.
Difference ratios SOM Eu00oCUofcucCUcfCU of all tasks)*100
VIS Eu00oCUcCUofCUcfcu of all tasks)*100
VEST 100-difference ratio SOM-difference ratio VIS
Quotient ratios SOM ecg/eog*100
VIS eof/eog*100
VEST ecf/eog*100
SOM: somato-sensory ratio; VIS: Visual ratio; VEST: vestibular ratio ec f = peak-to-peak sway angle during 
standing with eyes closed on foam ; eo f = similar during standing with eyes open on foam ; ecg = similar during 
standing with eyes closed on firm support; eog = similar during standing with eyes open on firm support. Second 
set o f ratios used standing on a sway reference based surface instead o f on a foam support surface; however 
these conditions are comparable (Allum et al 2002)
The second technique we used to distinguish between groups was stepwise discriminant 
analysis. This technique selects the best differentiating variables between groups based on 
ANOVA techniques. A detailed description of this analysis is given elsewhere15'21. Essentially 
the analysis calculates ANOVAs for each measure then selects the measure with the highest 
F value for inclusion in a discriminant function. The correlation of the selected measure is 
removed from the remaining measures before continuing with the next set of ANOVAs on 
the remaining measures. The measures used in our analyses were the peak-to-peak pitch 
and roll angles and angular velocities for all four tasks. The ANOVA F value for a measure to 
enter the discriminant function to differentiate between groups was set to 3.2. F to remove 
a measure once entered was set to 2.0. Separate analyses were performed for pelvis and 
shoulder measures.
Data from the longest trial for each task (that is 3 minutes or less if a near fall occurred) from 
each subject was used for the analysis described above. Analysis was carried out with and 
without recordings including the last 2 seconds prior to a loss of balance. As no differences 
were observed when these last 2 seconds were removed, we present the results with the 
last 2 seconds of data included. We also analysed data for the first 20 seconds of each task 
(or a shorter duration, in case of a loss of balance) in order to investigate whether using a 3 
minutes trial duration influenced our results.
RESULTS
The MANOVA analysis with independent factors group, eyes open/closed, and standing 
firm/foam was significant. For pelvis roll angle and velocity the p values of the factor group 
were 0.00 and 0.002 (F(2,111) = 5.0 and 6.5 respectively). For all other measures the p values 
were less than 0.001. In subsequent ANOVAs, differences between patient groups were 
most significant for 3 of the 4 stance tasks: standing with eyes closed on firm support; 
standing with eyes open on foam, and standing with eyes closed on foam (for p values see 
figures 2 and 3 and below). Therefore, the results for these tasks are presented here.
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EYES CLOSED, ON FIRM SUPPORT EYES CLOSED, ON FOAM SUPPORT
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Peak to peak 
roll angle
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Figure 1.
Typical examples o f pitch (thick line) and roll (thin line) sway during standing with eyes closed on firm support 
(A) and on foam (B) fo r  a control subject, a vestibular loss patient and a proprioceptive loss patient. The lower 
three graphs are x-y plots showing roll (x-axis) versus pitch (y-axis) angle fo r  the same subjects. Convex hulls 
around the x-y plots and the two arrows indicate peak-to-peak pitch and roll angle amplitudes.
Figure 1A shows pitch and roll traces for sway at the pelvis for a typical control subject, VL 
patient, and PL patient during standing with eyes closed on firm  support. The PL subject 
showed increased sway in the pitch and roll planes, with amplitudes clearly exceeding those 
of the control subject and the VL patient. The x-y (roll versus pitch) plots below the time 
traces show the differences in angular sway between the three subjects in another format. 
For standing with eyes closed on a foam  support both the VL and PL patients had greater 
sway than the control subject (figure 1B). The VL patient fell at circa 60 seconds, and his 
sway in pitch and roll directions was much greater than that of the control subject. The x-y 
plot for this patient shows this result quite clearer. The PL subject could stand for the full 3 
minutes, but nonetheless had greater pelvis sway than the control subject in pitch and roll 
planes. Shoulder data showed similar differences between the VL and PL and control 
subjects as seen for the pelvis data of figure 1.
Peak-to-peak sway angles at the pelvis and shoulder
Group mean peak-to-peak sway angles followed the trend of the individual traces shown in 
figure 1. Figure 2 depicts the mean results and standard errors for peak-to-peak sway angle 
measured at the pelvis (2A) and shoulder (2B) in the pitch and roll plane for the same 3 
tasks.
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A. Pelvis measurements
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B. Shoulder measurements
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Figure 2.
Bar columns o f group mean peak-to-peak sway angles fo r  pelvis (A) and shoulder (B) measurements in pitch and 
roll fo r  standing with eyes open on firm support, standing with eyes open on foam, and standing with eyes 
closed on foam. Vertical bars indicate the standard error o f the mean. Significant differences between the 
groups are indicated with: * p<0.05 PL versus controls, # p<0.05 PL or VL versus VL.
Pelvic sway angles (figure 2A) showed clear differences between the three groups. During 
standing with eyes closed on firm support, PL patients swayed more than controls in pitch 
(p<0.01) and in roll (p<0.05). When standing with eyes open on foam, PL patients also 
swayed significantly more than controls in roll (p<0.01) but not in pitch (p=0.058). During 
standing with eyes closed on foam, PL subjects sway more than controls in the pitch plane 
(p<0.01). Pelvis sway of VL subjects differed from controls in that they swayed significantly 
more in pitch during standing with eyes closed on foam (p<0.01) -  see figure 2. Differences 
between VL and PL patients were present in roll for standing with eyes open on foam 
(p<0.01).
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Peak-to-peak sway angles measured at the shoulder (figure 2B), gave similar results to those 
for the pelvis. However, the group differences for shoulder measures were generally greater. 
Therefore, significant differences between VL and PL patients were found in the pitch and 
roll planes for standing with eyes closed on a firm support and for standing with eyes open 
on foam.
Peak-to-peak sway angular velocities at pelvis and shoulder
Figure 3 depicts the mean peak-to-peak sway angular velocities measured at the pelvis (3A) 
and shoulder (3B) in the pitch and roll plane. Sway angular velocities showed similar results 
to those for sway angles. The pelvis data (figure 3A) demonstrated that PL subjects swayed 
with faster velocities than controls in the pitch plane during standing with eyes closed on a 
firm support (p<0.05), in roll during standing with eyes open on foam (p<0.05) and in pitch 
during standing with eyes closed on foam (p<0.05). VL subjects only swayed faster during 
standing with eyes closed on foam (roll p<0.01, pitch p<0.01). Significant differences 
between VL and PL patients were not demonstrated for pelvis angular velocities.
A. Pelvis measurements
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B. Shoulder measurements
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Figure 3.
Group mean peak-to-peak sway angular velocities. Layout o f the figure is identical to that o f figure 2.
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Shoulder velocity measurements (figure 3B) yielded even more significant results than pelvis 
measures. Variables for all three tests shown in figure 3 were significantly different between 
PL and controls (p<0.01), with the exception of roll velocity for standing with eyes closed on 
foam. VL patients had an increased sway angular velocity (roll and pitch, p<0.01) during 
standing with eyes closed on foam compared to controls. Significant differences between VL 
and PL patients were observed for pitch angular velocity (p<0.01) during standing with eyes 
closed on firm support. Furthermore, for standing with eyes open on foam pitch and roll 
angular velocities were significantly greater in PL than VL patients (roll p<0.01, pitch p<0.05).
Sensory analysis
In order to determine if sensory ratios were different between VL and PL patients we 
calculated sensory ratios in two ways (table 1). The results for both sets of ratios for pelvis 
and shoulder measures are depicted in figure 4. Only ratios based on peak-to-peak pitch 
sway angles are shown, because these gave similar but slightly more significant results than 
those based on peak-to-peak pitch angular velocities. Ratios based on roll measures gave 
results less significant than those based on pitch.
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A. Difference ratios
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Figure 4.
Results o f sensory analysis calculated on peak-to-peak sway angles in pitch fo r  pelvis (on the left) and shoulder 
(on the right) data. Each column represents a sensory ratio o f the difference or quotient method o f 
computation. Group means o f somatosensory ratios, visual ratios, and vestibular ratios are shown. Vertical bars 
indicate the standard error o f the mean. Significant differences between the groups are indicated with: * p<0.05 
PL or VL versus controls, # p<0.05 PL versus VL. A description o f the ratios is provided in table 1.
113
Figure 4A shows the results for the difference ratios based on pitch angles. Results for pelvis 
and shoulder measures were similar. Healthy subjects had the smallest somatosensory and 
visual ratios and therefore the largest vestibular ratios. For VL patients, the somatosensory 
and visual ratios were increased compared to controls (p<0.01). As expected, the vestibular 
ratios were significantly lower than those for controls (p<0.01) and PL patients (p<0.05). 
Although the pattern of the ratios appeared to be different in PL subjects, the actual ratios 
showed no significant differences with respect to controls.
The pure quotient ratios of sensory analysis (figure 4B) showed smaller differences between 
the three groups, but did demonstrate significantly increased vestibular ratios for VL 
patients. However, the somatosensory and visual ratios for VL patients were not different 
from controls. The ratios based on pelvis sway showed no differences between PL patients 
and controls. However, shoulder ratios demonstrated an increased somatosensory ratio for 
PL patients compared to controls and VL patients (p<0.01)
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Table 2A. Pelvis measurements
Grps Variable Test
Overall 
Classif. 
Sig Result
Trials classified 
correctly/ total trials 
CO VL PL
F (df1,df2)
p value
VL/ CO 1 pitch vel eyes closed foam * # 96,9% 26/26 5/6 - 38(3,28) <0.001
2 roll vel eyes closed foam *
3 pitch ang eyes closed foam * #
PL/ CO 1 roll ang eyes open foam # i 100,0% 26/26 - 5/5 16(5,25) <0.001
2 pitch ang eyes closed foam * #
3 roll ang eyes closed foam
4 roll ang eyes closed firm #
5 pitch ang eyes open foam
VL/ PL 1 roll ang eyes open foam # i 100,0% 6/6 - 5/5 25(3,7) <0.001
2 roll vel eyes closed firm
3 pitch vel eyes closed firm #
VL/ PL/ CO 1 pitch ang eyes closed foam * # 94,6% 26/26 5/6 4/5 12(8,62) <0.001
2 roll ang eyes open foam # i
3 roll ang eyes closed foam
4 roll ang eyes closed firm #
Table 2A gives the results o f the stepwise discriminate analysis fo r  pelvis measures. Four analyses between 
different groups were performed. The variables that were selected by the discriminate analysis are listed. The 
classification result i.e. the accuracy o f the variables in discriminating the populations is given in percentages. 
Overall classification results are given and its significance is stated in the last two columns o f the table.
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Trials classified 
correctly/ total trials
Overall f (df1,df2)
Classif. CO VL PL p value
Sig Result
VL/ CO 1 pitch vel eyes closed foam * # 96,9% 26/26 5/6 - 24(2,29) <0.001
2 pitch vel eyes open foam # i
PL/ CO 1 pitch ang eyes closed foam * # 93,5% 25/26 - 4/5 19(2,28) <0.001
2 pitch ang eyes closed firm # i
VL/ PL 1 roll ang eyes open foam # i 100,0% 6/6 - 5/5 15(3,7) 0.002
2 pitch vel eyes open firm
3 roll ang eyes open firm
VL/ PL/ CO 1 pitch ang eyes closed foam * # 86,5% 24/26 4/6 4/5 12(6,64) <0.001
2 pitch ang eyes closed firm # i
3 roll ang eyes open foam # i
Sig: significant differences of means between groups
* p<0.05 VL vs Controls
# p<0.05 PL vs Controls 
t  p<0.05 PL vs VL
Table 2B gives the results o f the stepwise discriminate analysis fo r  shoulder measures. See fo r  details legend 
table 2A.
Discriminate analysis
Because the sensory analysis techniques described above and depicted in figure 4 did not 
yield satisfactory distinguishing features for PL patients, we attempted to distinguish the 
groups by applying discriminant analysis to the original peak-to-peak measures. Generally 
the measures selected as the best identifiers (table 2) were those showing significant 
differences between VL and controls as well as PL and controls (see figures 2 and 3).
Although there were only minor differences between the discriminant analysis based on 
shoulder measures and those based on pelvis measures, the latter provided the most 
effective differentiating variables (see classification results given in table 2A and B). 
However, the overall classification accuracy was never less than 86%.
Pelvis pitch velocity for standing with eyes closed on foam was best suited for distinguishing 
between VL patients and controls. For distinguishing between PL patients from controls, 
pelvis roll angles standing with eyes open on foam was most optimal. For distinguishing all 
three groups (VL, PL, controls) from one another a combination of the measures, pitch angle 
eyes closed on foam, roll angle eyes open on foam was needed. Table 3 lists the weighting to 
be applied to the variables, when used in a discriminant function to separate PL, VL patients 
and controls from one another using pelvis measures.
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Table 2B. Shoulder measurements
Grps Variable Test
Table 3. Coefficients of discriminant function
Chapter 6
Function 1 Function 2
Pitch angle eyes closed foam 0,627 -0,217
Roll angle eyes open foam 1,618 1,203
Roll angle eyes closed foam -0,848 -0,311
Roll angle eyes closed firm 0,821 1,1
(Constant) -4,355 -0,718
Table 3 gives the weighting fo r  variables when used to separate VL, PL patients and controls from one another 
(unstandardized coefficients o f the canonical discriminant function).
Results after correcting for differences in trial-length
To determine whether a difference in the results appeared when shorter trials are used for 
the analysis, we repeated all analyses using only the initial 20 seconds of the trial per task. 
The measured data for patient and control groups was truncated at 20 seconds or even 
earlier if a fall event occurred. Group differences in peak-to-peak sway measures and 
sensory ratios showed similar but less significant results when 20 seconds trials were used. 
Classification results based on discriminate analysis of pelvis data were on average 3.7% less 
accurate when used for distinguishing between the three groups.
DISCUSSION
Our results showed clear differences in balance control during quiet standing on a foam 
support surface with eyes closed between VL, PL patients and controls. As Weber and Cass2 
previously noted this task is a sensitive test for balance deficits of vestibular origin. Our 
results indicate, however, that this task is not specific to VL because during this task both VL 
and PL patients had significantly increased sway compared to controls. To distinguish PL 
from VL patients and from controls, pelvis pitch angle measured during standing eyes closed 
on foam has to be used in combination with roll measures recorded under 3 conditions: on a 
foam support with eyes open and closed, and thirdly with eyes closed on a firm surface. Thus 
based on these results, we conclude that differentiating between VL, PL patients and 
controls is possible using the simple posturographic analysis described in this report, 
provided these 3 tasks are used.
In general terms, our results indicate that VL patients have increased pitch sway when 
standing with eyes closed on foam, and PL patients have increased roll sway when standing 
with eyes open on foam. In comparing these results with those in PL and VL subjects induced 
during perturbations to stance, the increased sway in the pitch plane for VL subjects was to 
be expected22,23,15. VL subjects show greater instability to perturbed stance especially when 
the support surface is servo-referenced, thereby 'nulling' ankle angle inputs22. Thus, testing 
on a foam surface (a test which attempts to mimic servo-referencing) with eyes closed 
reveals the dependence on the vestibular system for stance control. Less clear is why 
specifically roll control should be affected by proprioceptive loss. It has long been assumed 
that roll sway is controlled by trunk movements about the hip joints24. Thus proprioceptive 
loss should not affect roll control, unless the actual control of trunk roll movements is 
actuated over the leg muscles and this control is deficient due to reduced proprioceptive 
feedback in the legs. It has been argued that pitch control of upper body movements during
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quiet stance is controlled via leg muscles25. The alternative explanation is that 
proprioception at the hip joints was also affected in our PL patients. This explanation is not 
easily excluded because reflexes at the level of the hip, for example, in gluteus medius, are 
seldom tested clinically7. Whatever the sensory mechanisms involved, the deficient roll 
control in PL compared to VL patients may be worth pursuing as a possible functional 
diagnostic tool.
We used discriminant analysis in order to distinguish between balance control in VL and PL 
patients and controls. Whether these analyses were based on pelvis or shoulder data did not 
influence the differentiation much. Thus one could conclude that mounting the 
measurement system anywhere between the pelvis and the shoulders would yield similar 
results. From a practical point of view the standard sensor position at L1-326 is probably the 
most comfortable and would yield the least soft tissue artefacts. Indeed the L1-3 position 
resulted in similar measures of trunk instability and similar findings in VL patients when 
standing with eyes closed on foam, as noted in this report for pelvis measurements21,6.
Stepwise discriminant analysis showed that pitch angle and velocity during standing with 
eyes closed on foam are accurate variables for differentiating between VL patients and 
controls. This yielded an overall classification accuracy of almost 97%. This was anticipated 
based on the results of previous studies21,6. Pitch angle for standing with eyes closed on 
foam was also increased for PL patients compared to controls. Thus this task variable is not 
specific to the type of sensory deficit leading to poor balance control. Important for 
identifying PL patients were roll variables for standing on foam (eyes open and closed) and 
standing on a firm support with eyes closed. The result was a classification accuracy of 100% 
between PL patients and controls and a 95% correct separation between all 3 groups tested 
here using pelvis measures. The conclusion that emerged from the discriminant analysis was 
that a linear combination of roll and pitch sway measures for several tasks (as specified in 
table 3), rather than sensory analyses on either pitch or roll measures, best identifies VL, PL 
patients and controls from one another.
Our attempts to use sensory analysis to discriminate between patient groups were limited 
by the failure of these techniques to distinguish between PL patients and controls, even 
though these techniques effectively differentiated VL patients from PL patients and from 
controls. Interestingly, with the difference technique there was a clear increase in the use of 
somatosensory and visual inputs by VL patients as determined by these components of the 
analysis. This increase is known to occur as part of the compensation processes for 
vestibular loss21,27. This increase was not revealed with the quotient technique, possibly 
because of the greater variance associated with this technique14. It must, however, be noted 
that the terms used in the sensory analysis for the somatosensory, visual and vestibular 
components are, except for the visual component, misnomers. Using a foam support surface 
does not remove ankle somatosensory inputs, let alone those from the hip joint28. Instead, 
the effectiveness of ankle somatosensory inputs is reduced. Furthermore, it is probable that 
cutaneous inputs from the soles of the feet are more suppressed in effectiveness by the 
foam support surface than either ankle muscle proprioceptive or ankle joint sense.
We collected 3 minutes of data in order to have data for frequency analysis19. This meant 
that when we took the longest trial for each subject for analysis, trials differed in duration 
between subjects. To investigate whether this difference might have influenced our data, we
Identifying deficits in balance control following vestibular or proprioceptive loss using posturographic
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compared data of only the first 20 seconds of each trial (to equalize the duration across 
subjects) to data of the entire trial. The analyses with 20 seconds of data gave similar results 
for sway measures and sensory ratios although, as expected, longer trials gave better 
significance between the three groups. The discriminate analysis showed small differences in 
classification results in favor of using longer trials. Furthermore, the variables selected by the 
analysis were different. Analysis using longer trials placed more emphasis on roll variables. It 
is probable that using longer trials increased the reliability of our data. Lafond et al29 
suggested that 2 trials of 120 seconds duration should be used to obtain reliable data on 
anterior-posterior velocity of centre of foot pressure (CoP) but only 1 trial of 60 seconds for 
medial-lateral CoP velocity similar, in some respects, to our angular velocity measures. On 
average this would require 150 seconds data compared to the 180 seconds we used. 
Nonetheless, the issue of the length and number of trials required to achieve reliable 
measures with our techniques needs to be addressed in future studies.
Although controls spanned the age ranges of the VL and PL patients, the PL patients were 
generally older than the VL patients. After 55 years of age roll trunk sway increases during 
stance30,14. Since 3 of the 6 PL patients were over 60 years old, it is possible that part of the 
differentiation we achieved between VL and PL subjects was influenced by age, and as such 
is a limitation of our study. Unlike CoP measures31, our angular measures of the pelvis are 
not influenced by height over the age range of our subjects14. Both weight and height 
inherently influence CoP measures.
This study shows that posturographic analysis of stance can be used to differentiate balance 
dysfunction due to VL or PL from healthy balance control by looking at pelvis or shoulder 
sway variables under different stance conditions. Standard sensory analysis could be used 
for differentiating vestibular loss patients from controls. However, proprioceptive loss 
patients can only be differentiated from controls and VL patients by looking at sway 
measures in the roll and pitch plane across 3 stance tasks: standing eyes open and closed on 
foam, and standing eyes closed on a firm surface. Pelvis measures appear to provide a 
slightly better differentiation between patient groups than shoulder measures. Follow-up 
studies and studies involving larger numbers of patients with milder deficits or mixed deficits 
are needed to further validate the procedures here described.
Chapter 6
118
REFERENCES
1. Herdman SJ, Blatt P, Schubert MC, Tusa RJ. Falls in patients with vestibular deficits. Am J Otol 
2000; 21:847-851
2. Weber PC, Cass SP. Clinical assessment of postural stability. Am J Otol 1993;14:566-569
3. Sargent EW, Goebel JA, Hanson JM, Beck DL. Idiopathic bilateral vestibular loss. Otolaryngol Head 
Neck Surg, 1997; 116:157-62
4. Allum JHJ, Shepard NT. An overview of the clinical use of dynamic posturography in the 
differential diagnosis of balance disorders. J Vest Res 1999; 9:223-252
5. El-Kashlan HK, Shepard NT, Asher AM, Smith-Wheelock M, Telian S. Evaluation of clinical 
measures of equilibrium. Laryngoscope 1998; 108:311-319
6. Hegeman J, Honegger F, Kupper M, Allum JHJ. The balance control of bilateral peripheral 
vestibular loss subjects and its improvement with auditory prosthetic feedback. J Vest Res 2005; 
15:109-117
7. Bloem BR, Allum JHJ, Carpenter MG, Verschuuren JJ, Honegger F. Triggering of balance 
corrections and compensatory strategies in a patient with total proprioceptive loss. Exp Brain Res 
2002; 142:91-107
8. Bergin PS, Bronstein AM, Murray NM, Sancovic S, Zeppenfeld DK. Body sway and vibration 
perception thresholds in normal aging and in patients with polyneuropathy. J Neurol Neurosurg 
Psychiatry 1995; 58:335-340
9. Meyer PF, Oddson LIA, De Luca CJ. The role of plantar cutaneous sensation in unperturbed 
stance. Exp Brain Res 2004; 156:505-512
10. Jauregui-Renaud K, Kovacsovics B, Vrethem M, Odjvist LM, Ledin T. Dynamic and randomized 
perturbed posturography in the follow-up of patients with polyneuropathy. Archives of Medical 
Research 1998; 29:39-44
11. Ducic I, Short KW, Dellon AL. Relationship between loss of pedal sensibility, balance, and falls in 
patients with peripheral neuropathy. Annals of Plastic Surg 2004; 52:535-540
12. Yamamoto R, Kinoshita T, Momoki T, Arai T, Okamura A, Hirao K, et al. Postural sway and diabetic 
peripheral neuropathy. Diabetes Research and Clinical Practice 2001; 52:213-221
13. Nashner LM, Peters JF. Dynamic posturography in the diagnosis and management of dizziness and 
balance disorders. Neurol lin 1990; 8:331-349
14. Hegeman J, Shapkova EY, Honegger F, Allum JHJ. Effect of age and height on trunk sway during 
stance and gait. J Vest Res 2007; 17:75-87
15. Allum JHJ, Bloem BR, Carpenter MG, Honegger F. Differential diagnosis of proprioceptive and 
vestibular deficits using dynamic support-surface posturography. Gait and Posture 2001; 14:217­
226
16. Peterka RJ, Black FO. Age-related changes in human posture control: sensory organization tests. J 
Vest Res 1990; 1:73-85
17. Aramaki Y, Nozaki D, Masani K, Sato T, Nakazawa K, Yano H. Reciprocal angular acceleration of 
the ankle and hip joints during quiet standing in humans. Exp Brain Res 2001; 136:463-473
18. Creath R, Kiemel T, Horak F, Peterka R, Jeka J. A unified view of quiet and perturbed stance: 
simultaneous co-existing excitable modes. Neurosci Let 2005; 377:75-80
19. Horlings GC, Kung UM, Honegger F, Bloem BR, Van Alfen N, Van Engelen BGM, et al. Multi- 
segmental control of stance following vestibular and proprioceptive loss (abstract). Gait&Posture 
(XVIIIth conference on Postural and Gait Research Vermont) 14th-18th July 2007
20. Allum JHJ, Zamani F, Adkin AL, Ernst A. Differences between trunk sway characteristics on a foam 
support surface and on the Equitest ankle-sway-referenced support surface. Gait and Posture 
2002; 16:264-270
21. Allum JHJ, Adkin AL. Improvements in trunk sway observed for stance and gait tasks during 
recovery from an acute unilateral peripheral vestibular deficit. Audiol Neurootol 2003; 8:286-302
22. Allum JHJ, Honegger F. Interactions between proprioceptive signals in triggering and modulating 
human balance-correcting responses differ across muscles. Exp Brain Res 1998; 121:478-494
23. Bloem BR, Allum JHJ, Carpenter MG, Honegger F. Is lower-leg proprioception essential for 
triggering human balance corrections? Exp Brain Res 2000; 130:375-391
Identifying deficits in balance control following vestibular or proprioceptive loss using posturographic
analysis o f stance tasks
119
24. Winter D, Patla A, Prince F, Ishad M, Gielo-Pierzak K. Stiffness control of balance in quiet standing. 
J Neurophysiol 1998; 880:1211-1221
25. Saffer M, Kiemel T, Jeka J. Coherence of muscle activity during quiet stance. Exp Brain Res 2008; 
185:215-226
26. Allum JHJ, Carpenter MG. A speedy solution for balance and gait analysis: angular velocity 
measured at the centre of body mass. Curr Op Neur 2005; 18:15-21
27. Keshner EA, Allum JHJ and Pfaltz CR: Postural coactivation and adaptation in the sway stabilizing 
responses of normals and patients with bilateral vestibular deficit. Exp Brain Res 1987; 69:77-92
28. Allum JHJ, Oude Nijhuis LB, Carpenter MG. Differences in coding provided by proprioceptive and 
vestibular sensory signals may contribute to lateral instability in vestibular loss subjects. Exp Brain 
Res 2008; 184:391-410
29. Lafond D, Corriveau H, Hébert R, Prince F. Intrasession reliability of centre of pressure measures 
in healthy elderly people. Arch Phys Med Rehabil 2004; 85:896-901
30. Gill J, Allum JHJ, Carpenter MG, Held-Ziolkowska M, Honegger F, Pierchala K. Trunk sway 
measures of postural stability during clinical balance tests: effects of age. J Gerontology 2001; 
56A:M438-M447
31. Chiari L, Rocchi L, Capello A. Stabilometric measures are affected by anthropometry and foot 
placement. Clin Biomech 2002; 17:666-677.
Chapter 6
120
Chapter 7
Vestibular and proprioceptive 
influences on trunk movements 
during quiet standing
Published as:
Horlings CGC, Kung UM, Honegger F, Van Engelen BGM, Van Alfen N, Bloem BR, Allum JHJ. Vestibular and 
proprioceptive influences on trunk movement during quiet standing. Neuroscience 2009; 161(3):904-914

ABSTRACT
We characterized upper trunk and pelvis motion in normal subjects and in subjects with 
vestibular or proprioceptive loss, to document upper body movement modes in the pitch 
and roll planes during quiet stance.
Six bilateral vestibular loss (VL), 6 bilateral lower-leg proprioceptive loss (PL) and 28 healthy 
subjects performed four stance tasks: standing on firm or foam surface with eyes open or 
closed. Motion of the upper body was measured using two pairs of body-worn gyroscopes 
one mounted at the pelvis and the other pair at the shoulders. Pitch and roll angular 
velocities recorded from the gyroscopes were analysed separately for low-frequency (<0.7 
Hz) and high-frequency (>3 Hz) motion.
Low-frequency pitch motion was similar for all groups, consisting of in-phase pelvis and 
shoulder motion. High-frequency pitch motion in controls and VL subjects was dominated by 
pelvis motion with little shoulder motion, but vice versa in PL subjects. Low-frequency roll 
motion changed for all groups from mainly shoulder and little pelvis motion to in-phase 
pelvis and shoulder motion after moving from a firm to foam surface. In contrast, high- 
frequency roll motion changed from mainly shoulder motion to mainly pelvis motion with 
the change to a foam surface, except for PL subjects with eyes closed. Coherent low- 
frequency sway between pelvis and shoulder was only pronounced in VL patients.
These results indicate that relative motion between the pelvis and shoulder depends on the 
support surface, the type of sensory loss, and whether the motion is in the roll or pitch 
plane. Furthermore, relative motion between the pelvis and upper trunk is an integral part 
of movement modes used to control quiet stance. Vestibular loss patients showed very 
similar movement modes as controls, with larger amplitudes. Proprioceptive loss patients, 
however, used more shoulder motion and stabilised the pelvis for the high-frequency mode. 
We conclude that there is relative motion between the upper trunk and pelvis during quiet 
stance and suggest that it may contribute to balance control.
Vestibular and proprioceptive influences on trunk movements during quiet standing
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INTRODUCTION
The central nervous system (CNS) has to integrate information received from several sensory 
inputs in order to regulate upright control of the centre of mass (COM). These inputs come 
from vestibular, visual, and somatosensory sources and originate from within a number of 
different body segments. Depending on the balance task the proportion of these inputs to 
balance control may vary1-4. For example, patients suffering from vestibular loss compensate 
for their vestibular dysfunction by putting more weight on proprioceptive and visual inputs. 
Therefore, these patients show balance problems and often fall, when standing with eyes 
closed (absent visual inputs) on a compliant or narrow surface (altered proprioceptive 
inputs)5-7. On the other hand, patients suffering from lower-leg proprioceptive loss also 
suffer from balance problems8, especially when the eyes are closed7, probably because of an 
increased weight on visual inputs.
Although all somatosensory inputs may influence balance control during quiet stance, it was 
generally assumed that sway can be modeled as if the body were an inverted pendulum and 
that ankle proprioception provides the main contribution to postural control9-13. 
Proprioceptive inputs arising from knee or hip movement were initially thought to have little 
to no influence14,15, especially if sway movements are small16. But since the pioneering work 
of Koozekanani et al17 it has increasingly been accepted that motion during human upright
1,13 ,18 ,19stance cannot be restricted to a single segment model moving around the ankle joint , , , . 
Aramaki et al19 measured the coordination between hip and ankle joints, having restricted 
knee and lumbo-sacral movements by using stiff wooden splints strapped to the subject, and 
found that hip and ankle joints clearly moved in a manner not consistent with the single 
segment model. These authors, as did Pinter et al13, found that hip and ankle angular 
velocities were anti-phasic. Interestingly, it appears that postural control during stance 
involves not just one control mode. Creath et al20 showed that sway during stance is best 
described by simultaneous action of a single segment (inverted pendulum) mode at 
frequencies below 1Hz and a double segment model of ankle and hip movements, as 
proposed by Aramaki et al19 above 1Hz. These studies considered only pitch motion of the 
body. It has been suggested that in the roll plane motion is primarily around the hips 
implying that the CNS adopts separate multi-segmental modes of control in the roll and pitch 
planes21, as is the case for perturbed stance22.
For perturbed stance at least 3 modes of control exist22,23. For forward tilts of the support 
surface, rotation occurs at the knees and ankle joints. For backward tilts, rotation occurs at 
the ankles, hips and lumbo-sacral joints along the lines of the hip strategy16, because hip and 
lumbo-sacral joint motion is in the same direction2,22. The lumbo-sacral movement is smaller 
and later than the ankle and hip joint movement. In contrast, hip and lumbo-sacral joint 
motion is larger, oppositely directed, and earlier than ankle joint movement for roll tilts of 
the support surface2,22. Knee movements are also later than pelvis and upper trunk rotations 
but of similar magnitude in the uphill knee. Thus lumbo-sacral movements for perturbed 
stance is that the trunk and pelvis were in the same directions for pitch tilts but in opposite 
directions for roll tilt. This indicates that for perturbed stance upper body motion cannot be 
characterized as if it occurs only around the hip joints. These differences in roll and pitch 
upper body motion raise the question whether similar differences also occur in quiet stance, 
or more simply is lumbo-sacral motion a contributor to quiet stance?
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The effect of sensory loss on upper body motion following a controlled perturbation to 
stance stability has been well documented in both the pitch and roll planes for vestibular 
and proprioceptive loss2'5'14'24-28. However, the influence of sensory loss on quiet stance has 
been mainly restricted to the pitch plane and to vestibular loss14'29-31. For perturbed stance 
both proprioceptive and vestibular loss are known to be associated with pronounced upper 
body instability2'26. These studies showed that lumbo-sacral movements are poorly 
controlled during perturbed stance' so we wondered whether this mode of motion is 
affected by sensory loss during quiet stance too.
Hence' we investigated the following questions: Firstly' whether the modes of motion used 
to control balance during quiet unperturbed stance consist of motion around the lumbo­
sacral joints' that is pelvis and shoulder motion is not equal and inphase. Secondly' whether 
this mode of motion is identical in the roll and pitch directions. Thirdly' whether use of the 
lumbo-sacral mode of motion is different in patients with vestibular or proprioceptive loss 
compared to healthy controls.
In this study we used body-mounted gyroscopes to measure pelvis and shoulder angular 
movements during quiet unperturbed stance and thereby obtained a measure of lumbo­
sacral rotation. Frequency analysis and pelvis-shoulder correlations were used to further 
analyze the lumbo-sacral movement coordination during quiet standing. By testing healthy 
subjects' patients with bilateral vestibular loss' and patients with bilateral lower-leg 
proprioceptive loss' we hoped to gain insights into the sensory contributions to upper body 
movement coordination during quiet unperturbed stance.
EXPERIMENTAL PROCEDURES 
Subjects
Six male bilateral vestibular loss (VL) patients were recruited from outpatients of the ORL 
Clinic at the University Hospital in Basel' Switzerland (mean age 40.7 years' range 21-48). Six 
lower-leg proprioceptive loss (PL) patients (three men) were recruited from the neurological 
outpatient clinic of the Radboud University Nijmegen Medical Center' the Netherlands 
(mean age 57.5 years' range 27-70). The PL patients were older than the VL patients (ANOVA 
and Bonferroni: p=0.04). Twenty-eight healthy age matched controls (16 men) were also 
included (mean age 46.2 years' range 28-69). VL patients were selected for testing on the 
basis of normal computer tomography brain scans' absence of a nystagmus response to 
caloric irrigation of both ears and absence of horizontal and vertical vestibulo-ocular reflexes 
in response to steps of 80 deg/s2 whole body accelerations. PL patients had proprioceptive 
loss' as manifested by diminished or absent deep tendon reflexes in both legs up to the 
knees and sensory loss (i.e. hypaesthesia' reduced vibration sense and decreased 
propriocepsis) in the feet and lower legs on examination' but completely normal muscle 
strength. All PL patients underwent sensory and motor nerve conduction studies and needle- 
EMG studies to diagnose a pure sensory neuropathy or neuronopathy without motor 
abnormalities. Exclusion criteria for both patient groups were: any other neurological* 
orthopedic or psychiatric disorders' severe visual impairment or cognitive impairment. All 
subjects signed informed consent as approved by the ethical committees of the University 
Hospital Basel and the Radboud University Nijmegen Medical Center.
Vestibular and proprioceptive influences on trunk movements during quiet standing
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Procedure
Subjects stood without shoes and performed four tasks: standing on both legs on a firm 
support or a foam support surface with eyes open or closed. The sequence was randomized 
for firm and foam support surfaces, to restrict influence of a training effect. The block of 
foam used had a height, width, and length of 10 by 44 by 204 cm, and a density of 25 kg/m3. 
The subjects performed all tasks without shoes, to prevent different shoe types influencing 
the measurements and were asked to stand quietly. The subjects stood in the middle of the 
block of foam or on the firm floor with feet apart at shoulder width and with their arms 
hanging at the sides of their body. During tasks with eyes open the subjects were asked to 
fixate a point 5 meter away. Two assistants stood slightly behind the subject and out of view 
as spotters, in case balance was lost. All tasks had a duration of 3 minutes or until balance 
control was lost (i.e. the subject required assistance from a spotter). In this case, the task 
was repeated a maximum of 3 times and the longest trial was used for analysis. Trials 
shorter than 20 seconds were not used.
Power spectral density pelvis (Pelvis pitch velocity deg/s)
Figure 1. Pitch power spectral density and cut-off frequencies for the filters
Figure 1 depicts the pitch velocity power spectral density (PSD) fo r  all four test conditions measured in healthy 
controls. The corner frequencies o f the low-pass (<0.7 Hz) and high-pass (>3 Hz) filters used to filter PSDS are 
indicated with vertical lines. These borders were based on fitting 3rd order Butterworth filters to the PSD slopes 
around the peaks visible in all PSD traces.
Measurement systems
Two identical measurement systems (SwayStar™, Balance International Innovations GmbH, 
Switzerland) synchronized to one another were employed for this study. One system was 
placed at the pelvis (at the level of the hip joint), the other at the shoulders in order to 
provide a measure of lumbo-sacral motion. The systems consist of a pair of digital angular 
rate gyroscopes mounted orthogonally on a converted motor-cycle kidney-belt. Each system 
was firmly strapped around the shoulders and pelvis using the belts. One gyroscope 
measured angular velocity deviations in the roll (side-to-side) and the other in pitch (fore- 
aft) planes, both with a sample rate of 100Hz and 16 bit accuracy over a range of 324 deg/s. 
The gyroscope drift is approximately 1 deg/hr (specification 6 deg/hr, noise 0.2 deg/hr (the 
noise spectrum is flat over our measurement frequency 0.05 to 20 Hz and has a PSD value of 
less than 0.01) that is, at least 3 orders of magnitude less than the lowest spectra we 
measured during stance). Based on the drift specification, 3 minutes of measurement could
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therefore result in a drift of maximum 0.05 deg. The cables connecting the systems to PC's 
were swung over the shoulder of one of the spotters in order not to interfere with the 
subject's mobility.
Data processing 
Power spectral densities and transfer functions
Angular velocity data were used to calculate power spectral densities (PSD) and shoulder-to- 
pelvis PSD ratios to determine relative segmental motion. Mean PSD of the shoulder and 
pelvis angular velocities were calculated using the Matlab PSD function which implements 
Welch's averaging method32 to smooth the power spectra. In this way, Fast Fourier 
Transformation was performed on 2048 samples (20 seconds) with an overlap of 1024 
samples. Estimates of the power spectral densities (PSD) Px,x( f ) ,  cross power densities
p  ( f )
P x y ( f ) ,  transfer functions T  ( f )  =  — y -X--------- , coherence functions
X'y x y J  Pv  ( f )
P  ( f  ) f  P  ( f )
C  ( f ) = ------------ - ----  and shoulder-to-pelvis PSD ratios R  ( f ) = x were
X *  Pxx (f ) ■ Py,y (f ) X,y Py,y (f )
calculated from the velocity data to determine relative segmental motion. The calculations 
were performed using the standard functions spectrum, welch, tfestimate and mscohere 
that are part of the Version 6.2 (R14) Signal Processing Toolbox of Matlab.
Figure 1 depicts the mean power spectral densities (PSD) for pelvis angular velocity 
measurements across all four tasks for control subjects. It can be seen that although 
amplitude differences are apparent, the traces for the 4 tasks have a similar shape across the 
spectrum with consistent high and low frequency components. Therefore, we examined the 
movement modes at low- and high frequencies separately by running a zero-phase 3rd order 
low- or a high-pass filter through the data, respectively (see below).
Correlations of pelvis and shoulder x-y plots using a weighted total least square 
regression
Pelvis and shoulder velocity data were integrated to yield position data and then partitioned 
into low frequency and high frequency sway, after removal of the low frequency trend. 
Correlations were performed separately for low and high frequency sway. The trend was 
obtained by viewing it as the de-noised original data using the denoise function of the "Rice 
Wavelet Toolbox" (http://www.dsp.rice.edu/software/rwt.shtml) based on the work of 
Daubechies33-35. Averaged across subjects this denoising process was equivalent to a low 
pass 4th order filter with a cut-off at 0.05 Hz. The remaining sway -  original data minus the 
low-frequency trend -  was further analyzed in two separate frequency bands. The first band 
consisted of low pass filtered sway after filtering with a zero-phase (backwards and forwards 
in time over the data) Butterworth low-pass 3rd order filter with a cutoff frequency of 0.7Hz. 
The second band consisted of sway filtered with a zero-phase Butterworth high-pass 3rd 
degree filter with a cutoff frequency of 3 Hz36. These cut-off frequencies were selected by a 
least mean squares fit to the population average PSD of pelvis and shoulder data (see figure 
1). The fits were performed over a frequency band of 0.2 to 1 Hz for the lower pass filter and 
across a band of 2 to 7 Hz for the high pass filter. In order to depict the psd resulting from 
the low- and high-pass filters for the least mean squares fit, a white noise signal was filtered 
with the corresponding low- or high-pass filter. MatLabs tfestimate function
Vestibular and proprioceptive influences on trunk movements during quiet standing
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(tfestimate(x,y,2048,1024, 2048)) was used after to calculate an estimate of the resulting 
back and forth filter psd.
Once position data was low or high pass filtered, a weighted total least-squares algorithm 
was used for fitting a regression line to the shoulder-pelvis x-y plots37. This analysis 
calculates the main axis of the regression between pelvis and shoulder sway by considering 
both variables as having equal uncertainty in error. Slope angles in degrees for a population 
were based on weighted means and standard deviations, and likewise weighted ANOVAs 
were used for statistics. That is slopes due to regressions with high variance were weighted 
less than those with low variance. In addition, for each variable and condition the slope 
angles were calculated to minimize the standard deviation due to circular coordinates. For 
example, if the mean angle for the sample population variable roll, eyes closed on foam was 
70 deg and for a subject the regression outcome was -70 deg, then 110 deg was assigned to 
this subject, using: tan(x) = tan(180+x).
Statistical analysis
Differences between conditions and groups in ratios, coherence and transfer functions were 
analyzed using ANOVA's and post-hoc Bonferroni. At specific frequencies non-parametric 
Mann-Whitney and binomial t-tests were used across 10 frequency-bins that combined 
values of 10 frequency samples logarithmically divided across the range 0.1 to 10 Hz. The 
frequencies used were: 0.15 Hz (mean of 10 samples from 0-0.4 Hz), 0.2 Hz (0-0.45Hz), 0.4 
Hz (0.2-0.64Hz), 0.7 Hz (0.54-0.98 Hz), 1.4 Hz (1.23-1.67 Hz), 2.3 Hz (2.16-2.60 Hz), 3.7 Hz 
(3.48-3.92 Hz), 6.1 Hz (5.83-6.27 Hz) 7.6 Hz (7.45-7.89 Hz), 10 Hz (9.8-10.24 Hz). Differences 
in pelvis-shoulder regression-slopes were compared with a 2-way (group x condition) ANOVA 
and post-hoc Tukey HSD multiple comparisons of means38.
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RESULTS
All subjects were able to perform the three easiest tasks: standing on firm support with eyes 
open and closed, and standing on foam with eyes open. One VL patient and two PL patients 
were unable to stand on foam with eyes closed for 20 seconds.
Upper body movement strategies
Figure 2a depicts the original angular displacements measured at the pelvis (black) and 
shoulder (grey) in the roll (upper graph) and pitch (lower graph) plane for a typical control 
subject while standing on firm surface with eyes closed. Fifty seconds of data are shown. We 
corrected the data prior to filtering by removing the general trend, indicated in figure 2a, 
from the traces. The same data is shown after the trend was removed and a low-pass filter 
(<0.7 Hz, figure 2b) or high-pass filter (> 3Hz, figure 2c) was applied to the data. For both low 
and high frequencies in the roll plane, shoulder traces were greater than pelvis traces. In the 
pitch plane, amplitudes of pelvis and shoulder traces remained similar across frequency.
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a. Original traces 
Roll angles (deg)
time [s]
b. Low-pass 0.7 Hz
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c. High-pass 3 Hz
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Figure 2. Angular displacement during standing on firm surface with eyes closed -  control subject
On the left, original pelvis (black) and shoulder (grey) sway traces fo r  a control subject while standing on firm 
surface with eyes closed, fo r  50 seconds o f the recording. Middle part: the same traces, but after low-pass 
filtering (<0.7 Hz) the data. On the right, 5 seconds o f the same traces after a high-pass filtering (>3 Hz). Roll 
(upper three graphs) and pitch (lower three graphs) are shown.
To analyze the relationship between pelvis and shoulder movements during quiet stance, we 
looked at the pelvis-shoulder total least square regression plots after filtering as shown in 
figure 2. The regression plots are shown in figure 3a for low frequency components of sway 
during standing on firm surface with eyes closed for the typical control subject and a typical 
PL subject. In figure 3a the roll traces for standing on firm surface are aligned in the direction 
of shoulder movements for both the control subject and the PL patient. However, the pitch 
traces at low frequencies in figure 3a are aligned along a line of nearly equal shoulder and 
pelvis sway in both the control and PL subject. Figure 3b shows a typical VL subject in 
addition to a control subject performing the task of standing eyes closed on foam. There 
were no differences between the control and VL patient except for the sway amplitude, for 
roll or pitch directions; all traces were aligned along a line of nearly equal shoulder and 
pelvis sway.
For the high frequency component of sway during standing on a firm surface with eyes 
closed (figure 4a), roll traces were similar for the control and PL subject and aligned in the 
direction of shoulder motion, whereas in pitch the traces differed in that the control subject 
showed a trace aligned more along the pelvis direction, whereas the trace was aligned in the 
shoulder direction for the PL subject.
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a. Standing on firm surface with eyes closed
Control subject PL subject
Roll angles (deg)
Pelvis
-0.5 0 0.5 
Pelvis
b. Standing on foam with eyes closed
Control subject VL subject
Roll angles (deg)
1.5
1.5-1 -0.50 0.5 1 
Pelvis
Pitch angles (deg)
-1 -0.5 0 0.5 
Pelvis Pelvis
Figure 3. Low-pass filtered angle data for standing on a firm and foam surface with eyes closed
Shoulder-pelvis x-y plots fo r  a control and PL subject while standing on a firm surface with eyes closed (a) and 
fo r  a control and VL subject standing eyes closed on foam (b). Roll (upper graphs) and pitch (lower graphs) 
results are shown fo r  low-pass filtered data. Note the different axis scales in a and b indicating the amplitude 
difference between the controls and PL and VL subjects.
a. S tand ing  on firm  surface  w ith  eyes closed
Control subject PL subject
Roll angles (deg)
0.1 
i 0.0533
> 0
)
-0.05
-0.1
b. S tand ing  on foam  w ith  eyes closed
Control subject VL subject
Roll angles (deg)
-0.05 0 0.05 
Pelvis Pelvis
Pitch angles (deg)
0.5
-0.02 0 0.02 
Pelvis
Figure 4. High-pass filtered angle data for standing on a firm and foam surface with eyes closed
This figure depicts shoulder-pelvis xy plots fo r  a control and PL subject on a firm surface, eyes closed (a) and for 
a control and VL subject while standing on foam with eyes closed (b). Roll (upper graphs) and pitch (lower 
graphs) results are shown, after high-pass filtering. The complete trial (180 seconds o f data) was used fo r  these 
plots. The solid line through the data represents the mean total regression (see methods).
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For standing on foam (figure 4b), the control and VL subjects were marginally different for 
roll sway, in that the control subject showed somewhat more shoulder sway, whereas the 
trace for the VL patient was more aligned along the line of only pelvis motion. For pitch, both 
subjects showed mainly pelvis motion.
Overall comparison of movement strategies between groups and conditions
Figure 5 provides the mean sample population least square regression-slopes for all four test 
conditions and three groups of subjects (controls, VL and PL). The means confirmed the 
pattern illustrated for typical subjects in figures 3 and 4. Regression slopes for the low-pass 
filtered correlation plots in the roll plane (figure 5a) were similar for all groups. A main 
condition effect (p<0.01) with greater low frequency shoulder than pelvis motion on the firm 
surface is indicated in figure 5a. Regression slopes for high-pass sway in the roll plane are 
shown in figure 5b. A main condition effect (p<0.01) appeared as indicated in figure 5b, 
between foam and firm surfaces and a group effect for PL subjects while standing eyes 
closed on a firm surface.
Low frequency regression slopes for the pitch plane (figure 5c) showed neither a group nor a 
condition effect. Figure 5d depicts the regression slopes for high-pass regression plots in the 
pitch direction and emphasizes the difference in slope amplitude (group effect p<0.05) 
between PL patients and the other two groups. The post-hoc results are indicated in figure 
5d.
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■  Controls Q  VL □  PL 
^1^  Refers to number of movement mode (fig 7)
Figure 5. Shoulder versus Pelvis least square regression slopes in degrees
This figure depicts mean regression slopes fo r  all fou r stance tasks and all three groups. Complete recordings 
were used fo r  calculating these angles. Roll slopes fo r  low-pass filtered data (a), roll slopes fo r  high-pass filtered 
data (b), and pitch fo r  low-pass data (c) and slopes fo r  high-pass filtered data (d) are depicted. Vertical lines on 
the bars present standard errors o f the mean. Statistically significant group differences are indicated with * and 
t  (post-hoc Tukey p<0.05). The numbers in the circles refer to one o f the three movement strategies presented 
in figure 7, based on the angle o f the regression slope.
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Analysis of pelvis and shoulder power spectral densities (PSD)
Shoulder-to-pelvis PSD ratios for controls showed similar profiles in roll and pitch directions. 
As expected from the description above (see figure 2), ratios in roll were large when 
standing on a firm support surface. Pitch ratios were smaller. Those for pitch standing on 
foam eyes closed are depicted in figure 6a. At lower frequencies (below 2Hz) the ratios 
exceed unity (p<0.05 binomial t-test), i.e. shoulder movements were greater than pelvis 
movements (consistent with regression slopes in figure 5c greater than 45 deg). The ratios 
are smaller than or similar to unity (p<0.05 binomial t-test) at higher frequencies after the 
cross-over around 2 Hz, consistent with slopes close to 0 deg in figure 5d and mostly pelvis 
motion in figure 4b. These changes in ratio profiles across frequencies were also apparent in 
the roll plane while standing on foam (data not shown).
The shoulder-to-pelvis PSD ratios for VL patients were similar to those of controls (figure 6a). 
PL patients had similar PSD ratio profiles as controls and VL patients in the roll plane (not 
shown), but ratios appeared greater than unity for the whole frequency range in pitch; a 
cross-over of the ratio after 2 Hz as seen for control and VL subjects was absent (figure 6a), 
i.e. shoulder movements exceeded pelvis movements particularly for high frequencies 
consistent with the differences between PL movements and the control and VL groups 
observed in figure 5d.
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a. PSD shoulder to pelvis pitch ratio b. Pelvis to shoulder pitch coherence
c. Pelvis to shoulder pitch transfer functions ----Controls
.......VL
---  PL
TF < ( ) or > ( )1.0, p<0.05, 
binomial test
* p<0.05: VL vs Co
* p<0.05: PL vs VL 
°p<0.05: PL vs Co
Figure 6. Spectral analysis for the standing on foam with eyes closed condition
Shows shoulder-to-pelvis ratios (a) and transfer functions (c) at ten frequency-bins across the spectrum and 
coherence (b) across the whole spectrum fo r  standing with eyes closed on a firm support in the pitch plane. Each 
square (m) on the trace indicates that the ratio is significantly (binomial test) different from 1.0 at that specific 
frequency fo r  that group. Significant group differences (Mann-Whitney p<0.05) are indicated with ° and *.
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For the segment movements of quiet stance, coherence less than 0.5 for quiet stance is not 
considered significant (Hsu et al 2007). Based on this limit our computed coherence was only 
significant for VL subjects and on the borderline of significance for controls, and not 
significant for PL patients (figure 6b). This difference was apparent across the frequency 
range in both pitch and roll planes (p<0.05). The coherence for the PL patients, compared to 
controls and VL patients, was significantly lower for standing on a foam surface (figure 6b) 
and on a firm surface (data not shown).
Because the pelvis to shoulder coherence was very small for PL patients, the transfer 
function gains between pelvis and shoulder were only calculated for controls and VL 
patients. It can be seen in figure 6c that the transfer function gain for the control subjects 
was just less than 1.0 at low frequencies, and much smaller than 1.0 at high frequencies. A 
similar result was obtained for standing on a firm surface (data not shown). For VL patients, 
transfer function gains tended to be greater than 1.0 at low frequencies, and, like controls, 
were also smaller than 1.0 at high frequencies. Group differences between VL and control 
gains were significant for low frequencies for both eyes closed tasks (foam and firm 
surfaces).
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DISCUSSION
This study showed that during quiet unperturbed stance, relative movements between the 
pelvis and shoulder occur. This finding suggests that regardless of the mode of control 
employed to achieve pelvis rotations (rotations at the ankle, knee or hip, or combinations 
thereof), another component of stance movements involves rotation about the lumbo-sacral 
joint in both the roll and pitch planes. The upper body movement modes can be similar or 
different in roll and pitch depending on the support surface and the frequency band 
considered. A total of three movement strategies were observed, as depicted schematically 
in figure 7.
shoulder shoulder shoulder
1. Inphase pelvis and shoulder 
movements o f approximately equal 
amplitude, similar to an inverted 
pendulum model.
2. Dominant shoulder movements 
with the pelvis held nearly stable
3. Dominant pelvis movements 
with some anti-phasic shoulder 
movements in order to stabilize the 
shoulder (and the head)
Figure 7. Movement modes
This figure provides an overview o f the segment coordination patterns found in this study based on the 
regression-slopes presented in figure 5. The stick-figures indicate a schematic representation o f the rotations at 
pelvis, or shoulders or both.
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In figure 5 the movement modes employed, by each population for each stance condition 
and sway frequency, are labelled on the columns. As we did not record lower body 
movements we cannot conclude whether pelvis movements were simply due to ankle joint 
rotations. However, the most parsimonious explanation for in phase low-frequency 
movements in the roll and pitch planes is, as shown in figure 7 by mode 1, that these modes 
are mainly due to ankle rotations. That is that little lumbo-sacral rotation occurred for this 
mode.
Movement modes in healthy subjects 
Pitch lumbo-sacral movement modes
While standing on firm surface, there were no differences in pitch movement modes 
between eyes open or eyes closed conditions, nor was there an influence of the support 
surface. The mode was only different between the two frequency bands we considered. At 
low-frequency sway (<0.7 Hz) pelvis and shoulder motion was similar and in-phase. 
Therefore we assume little to no lumbo-sacral movement occurred. At high frequencies (>3 
Hz) pelvis motion dominated the movement mode, and only small antiphasic shoulder 
motion occurred, probably acting to maintain the head in a stable position.
Creath et al20 also demonstrated that low frequency pitch motion during quiet stance 
consisted of in-phase trunk and leg motion. For high-frequency motion, they showed that 
motion was purely anti-phasic, whereas we demonstrated that the mode of motion 
consisted of mainly pelvis motion, and the shoulder or upper trunk (the trunk segment 
measured by Creath et al20 was combined upper and lower trunk) only moved with little 
anti-phasic motion, probably to keep the head stable in space. It should be noted that, apart 
from the fact that we considered motion of the upper trunk separately, our analysis covered 
a spectrum up to 10 Hz with a cross-over between the low- and high frequency strategy 
between 1 and 3 Hz, whereas Creath et al20 looked at frequencies up to 5 Hz, with a cross­
over around 1 Hz. This might explain some of the differences observed concerning the 
amount of anti-phasic shoulder movements.
In the pitch plane we failed to find evidence of the use of the hip strategy during quiet 
stance. The hip strategy is characterised by large relative movements of the shoulders 
caused by a direct upper body rotation about the hip joints16 or by rotation of the shoulders 
in excess of that of the pelvis22. This latter strategy is listed as movement mode 2 in figure 7. 
Another lumbo-sacral movement mode we observed (listed as 3 in figure 7) held the 
shoulders relatively stable in space creating, we assume, a stable platform for the head. The 
high frequency coherent motion of the shoulders with the pelvis was also reduced (see 
figure 6) indicating that inter-segmental control was aimed at achieving a stable platform for 
gaze. It is well known that visual acuity is reduced for frequencies above 3 Hz39. Thus a 
stabilised head at high frequencies would improve visual acuity.
Roll movement modes
When standing on a firm surface, roll corrections in both the low and high frequency bands 
were characterised by shoulder movements around a relatively stable pelvis as indicated by 
Winter et al21. The mode of control occurring during roll tilts of the support surface is an 
anti-phasic movement of the pelvis and trunk2,22. As the initial pelvis rotation is mostly due 
to the stimulus forcing the pelvis downhill and the trunk uphill, this mode of control is 
primarily biomechanical related. The ensuing balance correction simply stabilises the trunk
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in the uphill position. Thus the effective balance corrections seem to be similar for quiet 
stance and for balance correction to tilt perturbations in both the high and low frequency 
domains, but fundamentally different from those of pitch.
Interestingly, the movement mode used at low frequencies in the roll plane while standing 
on foam was very similar to that in the pitch plane. This was the only support surface 
condition for which an inverted-pendulum-like strategy was observed in pitch and roll. As 
ankle proprioceptive inputs are less effective on foam, this would suggest that vestibular 
inputs are mainly used to maintain balance in both planes. This movement mode did not 
change with proprioceptive sensory loss in both planes. This finding is not, however, 
supported by the unchanged movement mode with eyes closed and vestibular loss (see 
figure 5); even though for these patients amplitudes are increased7. Presumably, vestibular 
loss patients are able to switch to other proprioceptive inputs, such as those at the neck, 
lumbo-sacral, and hip joints, in order to maintain the inverted-pendulum-like strategy. The 
change in roll movement mode we noted as the surface is changed from a firm to a foam 
surface is presumably biomechanically based. However, not only biomechanical properties 
determine the movement mode used as is evident from our examinations of pitch plane 
movement modes. Roll and pitch movement modes during quiet stance may be controlled 
independently, as suggested by Grüneberg et al40 for surface rotations, or may consist of a 
combination of predefined modes in these directions, as suggested by Torres-Oviedo and 
Ting41 for surface translations. These authors showed that movement modes in the roll and 
pitch plane consisted of few combined predefined muscle synergies. Saffer et al42 observed 
that high-frequency (> 1Hz) trunk movements in the pitch plane were not under direct 
muscular influence, but rather under indirect biomechanical control from posterior leg 
muscles. The shoulder motion needed for low and high-frequency movement modes, in the 
roll plane while standing on a firm surface (see strategy 2 in figure 7) seems unlikely to be 
executed in this fashion because the pelvis motion was stabilised. But whether these 
movements were induced by direct trunk muscle activity remains to be investigated.
Influence of vestibular loss
Vestibular loss patients have greater roll and pitch movements than control subjects when 
responding to support surface perturbations in roll2,24,27. These patients flex the uphill and 
extend the downhill knee inadequately, and tend to fall in the direction of tilt because of 
insufficient lateral trunk bending uphill2. In the pitch direction, uncontrolled backwards 
pitching of the trunk occurs. Shupert et al28 also showed that excessive hip sway in the pitch 
plane may occur in VL patients in response to backward platform translations. It was argued 
that patients with profound bilateral vestibular loss underestimate sway velocity, resulting in 
a failure to control the amplitude of sway rather than in the selection of the appropriate 
response strategy2. The question arises whether these conclusions also apply to quiet 
standing. Here, we showed that amplitudes are larger but movement modes did not differ 
between VL patients and controls. Larger amplitudes appear to result from greater inter- 
segmental coupling between the pelvis and trunk in VL subjects (see figure 6c). It seems that 
when visual inputs are absent and ankle proprioceptive inputs are less effective, VL patients 
prefer to link shoulder and pelvis motion more to control balance in the roll plane. One 
reason might be that VL patients need to rely more on ankle and hip proprioceptive inputs, 
because vestibular inputs are absent. While standing on a compliant surface, however, ankle 
proprioceptive inputs are unreliable. Relying on hip and lumbo-sacral proprioceptive inputs 
might be the best solution to maintain balance for these patients in this situation. It is an
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open question whether this inter-segmental coupling is part of the same coupling of legs to 
trunk movements described by Creath et al29 in VL patients.
Influence of proprioceptive loss
During quiet unperturbed stance, movement modes in proprioceptive loss patients differed 
from controls only at high frequency components of sway. When the surface was firm, and 
normally ankle proprioceptive inputs would have been useful, PL subjects used mainly 
shoulder motion in the pitch plane to control balance, whereas control and VL subjects used 
mainly pelvis motion. The result of these differences in high frequency motion for PL 
subjects was excessive shoulder motion and little pelvis motion resulting in low coherence 
between the two (see figure 6b). Thus ankle and hip movements seem to be controlled 
independently; that is, local control, rather than an inter-segmental coupling, is active. PL 
patients appear to simplify stance control by reducing leg movements as much as possible. It 
can be argued that ankle proprioceptive inputs in these patients are not reliable, and 
therefore PL patients used more proximal proprioceptive inputs to control balance with 
more shoulder motion. By examining the effects of total leg versus only lower leg 
proprioceptive loss, Bloem et al26 showed that hip proprioceptive inputs are essential for 
balance control during dynamic balance conditions. Allum and Honegger1 also demonstrated 
in healthy subjects that when ankle inputs were nulled, lower leg proprioceptive inputs are 
not necessary for balance control. Thus, ankle proprioceptive inputs might be sufficient for 
balance control but not necessary. As the PL patients of our current study had only lower-leg 
proprioceptive loss, we assume that their hip and lumbo-sacral proprioceptive reflexes were 
intact.
Considerations and future perspectives
Hsu et al43 showed that, during quiet standing, segmental movements in the pitch occurred 
at all six body segments. They indicated no special role for ankle or hip movements; rather 
the variance of upper trunk movements was among the largest of all segments measured. As 
the coherence between the hip and lumbo-sacral joints was among the largest observed 
between joints, these findings support ours indicating that movements between the upper 
trunk and pelvis are an integral part of balance control during stance. This suggests that 
control of balance only by means of an inverted pendulum model is unlikely; a conclusion 
also supported by Pinter et al13. Thus, as Creath et al20 noted, both the inverted pendulum 
mode and other movement modes are simultaneously present. Moreover, we have 
extended this finding to the roll plane and considered the effect of sensory loss on relative 
movements between the pelvis and shoulder. Like those of Pinter et al13, our measurements 
were restricted to segment motion, whereas those of Hsu et al involved joint angle 
measurements. That is, our measurements of pelvis motion could have been caused by 
rotations at the ankle, knee and hip joints simultaneously. Our interpretation of the modes 
of motion depicted in figure 7 requires confirmatory measurements along the lower body to 
determine the proportions of ankle and knee joint motion contributing to the pelvis motion 
in the pitch and roll planes.
Although the controls spanned the age ranges of the VL and PL patients, the PL patients in 
the current study were generally older than the VL patients. After 55 years of age roll trunk 
sway increases during stance44,45. Since 3 of the 6 PL patients were over 60 years old, it is 
possible that part of the differences in sway between VL and PL subjects was influenced by
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age, and as such this is a limitation of our study. The effect of age on movement strategies in 
pitch and roll during quiet standing remains to be investigated.
Conclusion
This study showed that movement modes of the upper body during quiet standing 
depended on the stance condition, the frequency band considered (low or high frequency 
sway), and sway direction (pitch or roll). In healthy controls, little relative motion between 
the shoulders and pelvis occurred for low-frequency pitch and roll motion while standing on 
a foam surface. Shoulder motion with respect to the pelvis was employed for roll movement 
modes when standing on a firm surface, and for all high-frequency modes. Vestibular loss 
patients showed very similar strategies compared to controls. Proprioceptive loss altered the 
high-frequency movement modes in pitch for all tasks; and then more shoulder motion was 
used to control balance.
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Chapter 8
Discussion, conclusion, 
future perspectives, 
and take home messages
Based in part on:
Horlings CGC, Carpenter MG, Honegger F, Allum JHJ. Vestibular and proprioceptive contributions to human 
balance corrections: aiding these with prosthetic feedback. Ann N Y Acad Sci 2009; 1164:1-12

DISCUSSION
This thesis emphasized the importance of the peripheral nervous system for balance control. 
The results call for further dedicated balance research on specific patient populations with 
'pure' peripheral neurological deficits (e.g. isolated muscular weakness, or pure sensory 
loss). In this thesis, we distinguished 'efferent' disorders (those affecting the motor 
components of the peripheral nervous system, see figure 1 below and for further 
explanation box 1 in the Introduction of this thesis) from 'afferent' disorders (those affecting 
the sensory components).
Discussion, conclusion, future perspectives, and take home messages
Figure 1.
The efferent and afferent parts o f the peripheral nervous system. See fo r  further explanation box 1 in the 
Introduction o f this thesis.
Efferent disorders of the peripheral nervous system 
Frequency and relevancy of falls
Chapter 2 documented that muscle weakness in the elderly has been a topic in balance 
literature for the past few decades. It appears to be a consistent risk factor for falls, along 
with a wide range of other factors, such as sensory deficits, visual impairment, cognitive 
impairment, vestibular dysfunction, or medication (e.g. benzodiazepines). However, little 
research exists on patients suffering from muscle weakness alone, without the influence of 
other risk factors. We feel that research on such patients might provide better insights into 
the pathophysiology of muscle weakness as a risk factor for falls and instability. Chapter 2 
therefore called for further research on patients with 'pure' diseases (i.e. with deficits in 
isolated components of the peripheral nervous system), in order to increase our 
understanding of the epidemiology and pathophysiology of postural instability and falls in
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patients with peripheral efferent disorders (see for overview of these disorders, figure 1 of 
Chapter 2). Moreover, Chapter 2 suggested that the pattern of weakness may affect the 
degree and type of instability. Specifically, we raised the possibility that distal weakness may 
lead to increased falling through stumbling, whereas proximal weakness may lead to 
increased falling through an inability to correct balance after an external perturbation has 
occurred. Further work is needed to address this issue. Furthermore, we argued that not 
only muscle weakness, but also other muscular pathologies, such as muscle stiffness 
(myotonia), may produce instability. Again, more research is needed to investigate this 
possibility. The following chapters of this thesis provided a start of further balance research 
in this specific field, answering some questions, but also raising new ones.
Chapter 3 provided the first study on falls in patients suffering from facioscapulohumeral 
disease (FSHD). These patients feature pure muscle weakness without sensory deficits or 
myotonia. Moreover, FSHD is a fairly common disease in the Netherlands. Myotonic 
dystrophy is also a common disorder causing muscle weakness, but these patients also have 
myotonia. In such 'mixed' disorders, it is difficult to draw firm conclusions about the specific 
contributing factor to postural instability. These patients were therefore not included in this 
study. Moreover, FSHD patients can display either just distal weakness, just proximal 
weakness, or both. Therefore, balance studies in FSHD patients may also clarify the influence 
of the pattern of weakness on falls. In Chapter 3, we recorded fall rates during 3 months 
using an automated computerised telephone system. Participants were called once a week 
and reported the number of falls. If a subject fell, one of the investigators called the patient 
to gather information about the circumstances and consequences of the fall. It was shown 
that 30% of the FSHD patients fell at least once during the follow-up period of 3 months. 
These results can be placed in perspective by comparing these figures to published fall rates 
in patients with central nervous system diseases, such as dementia, Parkinson's disease, or 
stroke. In patients with cognitive decline due to dementia, a two- to threefold risk of falling 
with an annual incidence of about 60-80% compared to healthy persons was seeneg' 1-3. In 
Parkinson's disease, up to 70% of the patients fell during follow-up varying from 6 to 12 
months4,5. In patients who sustained a stroke, the absolute risk of falling was 34% during 
follow-up6"8. Thus, although some neurological disorders show higher fall-rates, probably 
due to the involvement of other risk factors for falls (e.g. stiffness in Parkinson's disease, and 
cognitive impairment in dementia), falls in FSHD patients should not be underestimated and 
need to be a subject of attention in the care for these patients. The question arises what the 
fall rates are in patients with other neuromuscular disorders, and also whether these rates 
and the mechanisms of falls change under influence of the pattern of weakness or the 
specific type of muscle pathology.
Mechanisms of falling
M u scle  path o logy: w ea kn ess versus m yotonia
In patients with recessive myotonia congenita, myotonia occurs after a period of resting. 
This symptom resolves after repetitive movements: the so-called 'warm-up phenomenon'. 
Chapter 4 provided insights into the effect of this myotonia on postural stability. Patients 
with muscle weakness and patients with myotonia are both unable to use their muscles: the 
first group due to weakness; the latter group due to stiffness. However, in patients with 
myotonia the effect is paroxysmal, and depends on the amount of warming up. An 
advantage for research purposes is that these patients can serve as their own controls. We 
used this approach in Chapter 4, where we showed that instability in myotonia patients
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almost completely resolves after warm-up. In this study, balance was measured using body- 
worn gyroscopes at the trunk. We measured angular velocity of trunk sway in the pitch (for- 
aft) and roll (side-to-side) plane during several stance and gait tasks after rest (10 minutes, 
sitting still), and after repetitively (5 times) performing the balance task. This chapter not 
only provided a sensitive and responsive measure for this peculiar warm-up phenomenon; it 
also showed that major instability occurs in this patient population, and that this instability 
resolves after warm-up. When comparing instability in patients with muscle weakness 
(FSHD, Chapter 3) and myotonia congenita (Chapter 4), both patient populations show 
instability while standing on a foam support surface (to reduce proprioceptive feedback) 
with their eyes closed. This is indeed a very sensitive, but not a very specific, test. For 
example, patients with afferent disorders, such as vestibular of proprioceptive loss, also 
show instability that is mostly evident during this task. Also, both patient populations were 
unstable while climbing stairs, indicating that this task is sensitive (but again not very 
specific) for balance in patients with muscle disorders. There was, however, also a specific 
difference between balance in FSHD and myotonia congenita patients. Balance during 
tandem gait, which was very sensitive for the warm-up phenomenon in myotonia congenita 
patients, did not change in FSHD patients. It would be interesting to examine patients with 
other neuromuscular disorders, in order to determine whether climbing stairs is indeed a 
sensitive test, and whether tandem walking is a specific test for patients with myotonia.
Pattern  o f  w eakn ess: distal versus proxim al w eakness
As was stated in Chapters 1 and 2, the pattern of weakness may influence instability. In 
Chapter 3, we investigated patients with FSHD, who may have either distal weakness, 
proximal weakness, or both. In addition to the falls follow-up, 8 FSHD patients with frequent 
falls, 10 patients reporting no or few falls and 10 control subject performed a muscle 
strength and balance examination. This consisted of several stance and gait tasks. Balance 
was measured using body-worn gyroscopes recording trunk sway. Stumbling rates were also 
recorded in this study, and were increased in FSHD patients compared to healthy controls. 
However, a strong conclusion with respect to the influence of distal versus proximal 
weakness on these fall or stumbling rates could not be made, because most patients had 
both distal and proximal weakness, and few had only distal weakness. These numbers of 
patients with pure distal or proximal weakness were too small to allow for reliable 
comparisons. More work in very specific patient populations remains needed to gain further 
insights into the effect of the pattern of weakness on balance control.
As a start of these insights, Chapter 5 provided the first study investigating balance control in 
patients with pure distal muscle weakness versus pure proximal muscle weakness. Here, we 
used a multi-directional moving platform which rotated in 8 directions thereby unexpectedly 
perturbing the patient. Balance responses were measured by recording body motion using 
infra-red diodes on 18 landmarks of the body and muscle responses using surface EMG- 
electrodes on 10 muscles. Due to the very strict inclusion criteria, group numbers remained 
small (5 for distal muscle weakness, and 8 for pure proximal muscle weakness). The results 
showed clear instability in both patient groups. Instability occurred mainly in the pitch plane 
and was accompanied by abnormal ankle, knee, and trunk responses. Arm movements were 
used to aid balance. It appears that the instability seen in patients with muscle weakness 
cannot be compared to the pattern seen in central nervous system diseases. For example, in 
Parkinson's disease, decreased trunk rotation and ankle torque changes occurred, which 
resulted in a stiffening response, accompanied by increased background activity in lower leg,
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hip, and trunk muscles. Arm motion did not help to correct balance, as it was inappropriately 
adducted against the trunk9. And in patients with spinocerebellar ataxia, locking of the 
knees, and hypermetric pelvis motion in roll and trunk motion in pitch occurred10,11. Here, 
greatest instability was seen for backward and laterally directed perturbations. Balance 
appeared to be aided by locking the knees in order to reduce interactions between body 
links, and to reduce the number of degrees of freedom in order to minimise hypermetria. 
There was a difference between the distal and proximal weakness groups, such that distal 
patients were unstable following forward and backward directed perturbations, whereas 
proximal patients mainly showed difficulties maintaining balance when being perturbed 
backwards. However, a clear conclusion could not be made because patients were not 
matched for the severity of weakness (as a consequence of our strict inclusion criteria). This 
provided a new research question, which could not be answered in this thesis, but which is 
an important topic for future research: what is the threshold of severity of muscle weakness 
at which instability can be expected? And is this threshold different for distal versus proximal 
muscle weakness? This issue has thus far not been addressed.
In conclusion, the first part of this thesis showed that the role of efferent peripheral 
disorders had hitherto not been studied in much detail. Chapter 2 now showed that muscle 
weakness is an important and consistent risk factor for falls. In patients suffering from 
muscle weakness, e.g. in those with facioscapulohumeral disease, falls are common (Chapter 
3). Falls are clinically relevant for many reasons, including the frequent occurrence of 
injuries, fear of falling, and avoidance of activities (Chapter 3). Muscle weakness causes 
postural instability, and there appears to be an effect of the pattern of muscle weakness on 
instability and compensation strategies (Chapter 5). Moreover, it was shown that muscle 
stiffness can also lead to instability (Chapter 4).
Afferent disorders of the peripheral nervous system
Below, the results of the second half of this dissertation are summarized. These studies 
addressed the pathophysiology of balance disorders in patients with disorders of the 
peripheral nervous system (Chapters 6 and 7).
Balance control in vestibular and proprioceptive loss patients
In Chapter 6, we showed that balance control differs between patients with vestibular loss 
and proprioceptive loss. Here, participants stood on two legs with eyes open and closed on a 
firm and foam surface, while wearing two pairs of gyroscopes. The gyroscopes were body- 
worn at shoulder and pelvis height. Loss of proprioceptive inputs results in instability in the 
roll plane more than loss of vestibular inputs does (Chapter 6). Like other authors12, we also 
showed that VL resulted in greater pitch than roll instability, especially when visual and 
proprioceptive inputs were absent or altered (e.g. while standing on foam surface with eyes 
closed)13. Moreover, increased instability in backward direction during quiet stance is a very 
sensitive test for detecting balance problems14,15. However, in Chapter 6 we showed that PL 
patients, like VL patients, also suffer instability in the pitch plane. Thus, falling backwards is 
not a very specific test for detecting instability. And roll measures, especially for standing 
with eyes closed on a foam surface, cannot be ignored for differentiating balance control in 
VL from PL patients, or for differentiating PL patients from healthy controls. Differentiation 
of vestibular loss and proprioceptive loss, based on balance control measures, was only 
possible when pitch as well as roll variables were used.
Chapter 8
146
Discussion, conclusion, future perspectives, and take home messages 
Multi-segmental body motion during quiet standing
Chapter 6 presents the results for differentiating balance control in VL patients from that of 
PL patients, based on both pelvis and shoulder sway measures separately. These measures 
gave slightly different results. The question arose whether pelvis and shoulder measures 
differ during quiet stance and are under different modes of control, resulting in a mode of 
motion consisting of independent movements of body segments. Chapter 7 gives insights 
into the relation between pelvis and shoulder motion. The pelvis measures were the result 
of ankle, knee, or lumbo-sacral motion or a combination of these joints, whereas the 
shoulder measures were also under influence of motion higher-up the spine. That is, we 
were measuring at the shoulder relative to the pelvic lumbo-sacral motion. This motion was 
measured using two pairs of body-worn gyroscopes; one at the pelvis, and one at the 
shoulder. Participants performed four stance tasks: standing on two feet with eyes open 
and closed on foam and on firm surface. Chapter 7 shows that the mode of motion during 
quiet stance consists of pelvis motion, shoulder motion, or a combination of both 
simultaneously. The mode of motion depends on the frequency of sway, the stance 
circumstances, and the available sensory inputs. Other authors investigated multi-segmental 
movements during quiet standing in healthy subjects and found that when having restricted 
knee motion, both ankle and hip motion is important for maintaining balance16. It was also 
shown that notable movements occur at ankle, knee, and hip joints during quiet stance and 
that correlations between the COM and lower leg motion are greatest when the thigh is also 
considered, and smaller when only the ankle joint is considered17. Another study revealed 
considerable variance at the relevant frequencies of postural sway in normals, but showed 
very low coherence between the joints18. A simultaneously occurring in- and anti-phase leg 
and trunk segment motion at low- and high-frequency modes of motion was also shown in 
healthy subjects19. Chapter 7 investigated low- and high-frequency sway in the roll and pitch 
plane and showed that upper body (lumbo-sacral) motion is apparent during quiet standing. 
Thus, not only ankle movements, but also upper body motion is important for balance 
control and should thus be considered in modelling approaches and strategies for 
rehabilitation of patients with balance disorders.
Influence of the frequency and direction of sway and the support surface
The mode of motion was different for low and high frequency sway. There were two peaks 
apparent in the power spectral density of sway velocity during each stance task; one low 
frequency and one high frequency peak. These two peaks may subserve two different modes 
of control, thus these were analysed separately by running a low-pass and a high-pass filter 
through the power spectral density data. To separate the two peaks, two frequency-cut-offs 
were chosen; 0.7 Hz and 3 Hz. Clinical differentiation of balance control, as shown in Chapter 
6, is mainly based on low frequency sway, because peak-to-peak sway values are used. High- 
frequency sway has less clinical implications, but may be important for the development of 
balance control models and is thus relevant for providing insights into the balance control 
system. The results of Chapter 7 showed that a difference is indeed apparent between low- 
and high-frequency modes of motion. Low frequency motion consists of either pelvis motion 
in the pitch plane and in the roll plane while standing on foam, or some compensating 
shoulder motion, probably to maintain the head (and thus the vestibular system) stable, in 
the roll plane when standing on a firm surface. High-frequency motion, however, consisted 
of pelvis and shoulder motion simultaneously regardless of stance condition. Visual inputs 
did not influence the mode of motion. There appeared to be a low- (<1 Hz) and high- (>1 Hz)
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frequency mode of motion, consisting of in- and anti-phase leg and trunk segment motion 
simultaneously19.
For the differentiation of balance control between VL and PL patients in Chapter 6, use of a 
foam surface was needed to achieve a successful differentiation. Especially standing on foam 
with eyes closed was often an outcome of the stepwise discriminant analysis. The question 
arises whether standing on a foam surface only changes the amplitude of sway, and 
therefore is an efficient test for differentiation, or whether the mode of motion is also 
altered compared to standing on a firm surface. It has been shown that altering 
proprioceptive inputs by standing on a foam support surface induces greater sway in VL 
patients12'13 and PL patients (this thesis), and to a lesser extent in healthy controls12. And 
Chapter 7 showed that standing on foam changed the mode of motion in the roll plane, but 
not in the pitch plane. Because both planes are needed for differentiating VL and PL patients, 
sway amplitude differences between foam and firm surface probably contribute most to this 
differentiation. But the exact influence of the mode of motion on the differentiation of 
balance control in VL and PL patients remains to be investigated.
That body motion in the medio-lateral (ML) and anterior-posterior (AP) planes occurs during 
quiet standing is common knowledge. ML motion dominates the control of centre of 
pressure displacements when standing in tandem stance or when standing with one foot a 
foot length laterally in front of the other (45° stance)20. In addition, ML motion during 
tandem stance originates mainly from the ankle joints, whereas during 45° stance it 
originates from the hips. Is this also true for quiet stance with a normal, more natural, 
position of the feet? Chapter 7 showed that roll motion consisted of both shoulder and 
pelvis motion, such that roll motion originated from motion around lumbo-sacral joints (with 
or without ankle and knee motion, as these were not measured in our study) and the spine. 
This was apparent for all high-frequency modes of motion and for low-frequency sway when 
standing on a firm surface. However, while standing on a foam surface, roll motion mainly 
occurred around the pelvis, and hardly any shoulder motion was measured, as if an inverted 
pendulum was apparent. For perturbed stance, several authors have also investigated the 
difference in roll and pitch movement strategies. A directional sensitivity exists for balance 
corrections in healthy subjects21. These authors showed that leg muscles are mainly pitch 
oriented, but that the trunk moves in both pitch and roll directions when confronted with a 
pitch perturbation. Pitch motion appears to be coupled to roll motion, whereas roll motion 
can occur independently of pitch motion22. Indeed the corrections of the body's pitch and 
roll motion are programmed separately by neural command signals23. Lower leg muscle 
balance correcting activity was hardly changed by delayed trunk roll, indicating that this 
muscle activity was not predominant in correcting roll motion of the body. However, for 
trunk muscles the main action was to correct for roll perturbations. It appears that different 
modes of control exist for pitch and roll balance corrections in quiet, as well as perturbed 
stance.
Influence of vestibular and proprioceptive loss
Chapter 7 of this thesis showed no differences in mode of motion of upper body segments 
(pelvis versus shoulder) between VL and controls. This suggests that vestibular inputs are not 
essential for choosing the movement strategy during quiet stance and confirms earlier 
studies, where it was stated that vestibular inputs are mainly involved in the modulation of 
the balance response, rather than the choice for a specific balance strategy24-26. This also
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means that balance training may focus on modulation of sway, rather than on changing 
balance strategies. Indeed, some studies examined the effects of biofeedback of trunk sway 
on balance control, and showed improvements of sway in the elderly as well as in unilateral 
VL patients27-29. It was shown that in VL patients, when measuring motion of leg and trunk 
segments while standing on a sinusoidally rotating platform, greater trunk relative to 
platform movement existed compared to healthy controls, but that the leg segment did not 
change30. This suggests that the instability seen in VL patients stems from variability of the 
trunk rather than the legs and that vestibular inputs mainly act to stabilise the trunk. It was 
shown that VL patients have difficulty controlling trunk motion, by executing the so-called 
'hip' strategy when necessary, e.g. while standing on a narrow base support31. However, in 
response to support surface translations, others showed that vestibular inputs are not 
critical for selecting and triggering a hip strategy32.
Whereas loss of vestibular inputs only changed the amplitude of sway, but not the mode of 
sway, loss of proprioceptive inputs changed both (Chapter 7). Low-frequency strategies, 
relevant for the differentiation of VL and PL, were similar for both groups. High-frequency 
modes of motion, however, changed in the pitch plane, in that PL patients revealed greater 
involvement of shoulder motion, than VL patients and controls. For rehabilitation purposes, 
this may be important. Whereas VL patients benefit from balance training focused on 
reducing the amplitude of sway (e.g. using additional sensory inputs by means of 
biofeedback of sway), PL patients may also need a change in, or improvement of, the 
balance strategy. Thus, proprioceptive inputs are needed not only for the modulation of 
sway, but also to determine the mode of motion for balance control. Earlier studies showed 
that proprioceptive inputs from higher up the body are sufficient to control balance33, but 
are inputs from the lower legs (absent in the PL patients) needed for choosing the mode of 
motion?
Similarities to perturbed stance
The question arises what the similarities are between movement strategies during quiet and 
perturbed stance. It appears that the high-frequency mode of motion found in Chapter 7, 
consisting of simultaneous pelvis and shoulder motion, was similar to the multi-segmental 
strategy used to correct for perturbations29, which involved knee movements in addition to 
ankle, hip, and lumbo-sacral movements. It was shown that early movements occur at the 
ankle, knees, hips and trunk well before the onset of automatic postural responses33. These 
authors also showed that in lower leg PL patients, most balance responses were not altered 
and thus originate from proprioceptive inputs higher up the body (e.g. hip joint, pelvis or 
lower vertebral column). Lower leg PL patients showed, however, changed trunk velocity 
profiles, in that a reduced initial backward motion of the trunk occurred, due to absent 
stretch reflex and weaker balance-correcting responses. Consequently, a longer phase of 
backward trunk rotation compared to controls occurs, leading to instability. However, PL 
patients have less difficulty with rapid-roll tilts of the support surface, because sensory 
inputs required to characterize this stimulus are intact; that is pelvis muscle proprioceptive 
and head-roll acceleration vestibular inputs (Bloem and Allum, unpublished observations). In 
a patient with total leg proprioceptive loss, it was shown that without proprioceptive inputs 
from the ankle and knee, ankle responses were delayed, but not absent34. Upper leg and 
trunk responses were not delayed. This suggests that most, if not all, lower leg balance 
correcting responses can be triggered by hip and, possibly, trunk proprioceptive inputs even
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if these may be triggered by ankle inputs normally. This particular patient compensated for 
her loss by markedly increasing background muscle activity, creating a stiffer body structure.
In conclusion, for afferent peripheral diseases, the sophisticated posturographic analysis of 
Chapter 6 and 7 showed the importance of upper body segments for balance control during 
quiet stance, and the influence of frequency of sway, direction of sway, stance conditions, 
and available sensory inputs.
CONCLUSION
In the Introduction of this thesis, research questions were formulated for efferent and 
afferent disorders of the peripheral nervous system. Here, in the Conclusion of this thesis, 
some of these questions can now be answered.
Balance and falls in efferent disorders:
• Is muscle weakness a risk factor fo r  falls and instability?
Chapter 2 showed that muscle weakness is a consistent and important risk factor for 
falls.
• Does muscle strength training improve stability and reduce falls?
The literature review of Chapter 2 showed that it remains unclear whether strength 
training alone can improve balance and reduce falls. The results of this thesis, however, 
offer a rationale for strength training as a strategy to reduce falls in patients with 
muscular weakness.
• Are falls common in patients with neuromuscular disorders?
Chapter 2 showed that very little research exists on falls in patients with neuromuscular 
disorders. However, falls are both common and clinically relevant in patients with one 
specific type of neuromuscular disorder, namely FSHD (Chapter 3).
• How does muscle stiffness influence balance control?
In Chapter 4, it was shown that muscle stiffness interferes with normal balance control, 
yielding a clear postural instability in myotonia congenita patients. In addition, our 
findings indicate that this instability resolves after warm-up, along with the muscle 
stiffness.
• How does the pattern of muscle weakness influence falls and balance control?
Although this thesis investigated patients with either or both distal and proximal muscle 
weakness (Chapters 4 and 5), a clear conclusion on the influence of the pattern of 
weakness on instability could not be drawn. The results, however, indicate that balance 
is impaired in both patient populations.
Balance control in afferent disorders:
• What is the contribution of upper body motion on balance control in patients with 
vestibular versus proprioceptive loss?
Chapter 6 and 7 showed that upper body motion is present in different forms during 
quiet stance, depending on the type of sensory loss.
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• Can pelvis or shoulder sway measures be used to differentiate between afferent 
peripheral disorders?
Pelvis and shoulder sway measures can be used to differentiate balance control between 
vestibular and proprioceptive loss patients. Some differences between pelvis and 
shoulder measures were seen (Chapter 6).
• What is the effect of proprioceptive and vestibular loss on upper body m ovement 
strategies during quiet stance?
Chapter 7 showed that upper body motion was similar for healthy controls and 
vestibular loss patients. For proprioceptive loss patients, body motion changed in that 
more shoulder motion was used to maintain balance for high-frequency sway in the pitch 
plane.
• How are m ovem ent strategies influenced by environmental factors, such as vision and 
surface?
Vision did not change movement strategies, but support surface characteristics did 
(Chapter 7).
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FUTURE PERSPECTIVES
This thesis is an elucidative step forward in the field of balance research in patients suffering 
from neuromuscular disorders. However, many questions remain unanswered and more 
research is needed!
Epidemiology of falls and instability
First, epidemiological research on falls and instability in patients with specific neuromuscular 
disorders is required to gain further insights into the influence of the neuromuscular system 
on balance control, and to provide new leads for fall prevention strategies. For this purpose, 
it will be necessary to examine and compare postural instability and compensatory 
strategies in different patient populations. Moreover, critical thresholds for muscle 
weakness that induce an increased risk of falls need to be determined in order to identify 
fallers and prevent falling.
Mechanisms of falling
Second, sophisticated posturographic analyses should be used to gain better insights into 
the mechanisms of falling in specific patient populations. For example, using perturbations 
that mimic everyday circumstances, such as different decelerations or accelerations of the 
support surface for translations and inclinations (like those experienced while riding on a 
bus) is a possible future technique for posturographic research. Ambulant monitoring of 
physical activities is another new way of discovering mechanisms of falling and high-risk 
activities in specific patient populations35,36. Examining body motion at different segmental 
levels during standing and walking will increase insights in the influence of separate body 
segments on balance control, and also help predict instabilities occurring in specific patient 
populations. It is also necessary to systematically examine patients with focal lesions, in 
order to unravel their falling mechanisms, to identify predictors of falling, and to clarify how 
damaged areas of the CNS regulate postural control in physiological circumstances.
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Determining how such patients compensate for chronic deficits using residual intact systems 
can be used as a basis for rehabilitation strategies.
Rehabilitation and treatment approaches
Third, it is time for rehabilitation strategies in patients with neuromuscular disorders! A 
summary of possible targets for fall prevention is given in box 1. The goal of future studies is 
to evaluate the effect of new treatments under ecologically valid circumstances. The long­
term perspective is to translate this basic knowledge into tailored intervention strategies, 
aiming to reduce falls in affected patients. Research on the effect of muscle strength and 
balance training on improving stability and preventing falls in specific patient populations is 
needed. Which training fits which patient population? The intensity of training and the exact 
protocol also need to be developed and applied to large populations.
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Box 1. Fall prevention
Targets for intervention
I. II. III. IV. V.
Fear of falling Efferent deficits Afferent deficits Domestic hazards Overall balance
Prior experience
I I I I I
Intervention strategies
I. II. III. IV. V.
Cognitive
therapy
Muscle strength 
training
Vibrotactile 
stimulation 
Improving vision
Removing
environmental
hazards
Balance training 
Biofeedback
Multifactorial interventioni
Improving balance and reducing falls!
Other risk factors outside the scope of this thesis: 
Cardiovascular (hypotensie, arythmia): e.g. cardiac pacing 
Medication: e.g. withdrawal
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Current research on interventions for reducing falls focuses on reducing fall risk factors, such 
as exercise programmes that target strength (see also Chapter 2 of this thesis), balance, 
flexibility or endurance. Vitamin D supplements reduce falls in patients with low blood levels 
of vitamin D. Correcting visual impairment, or removing domestic hazards can also improve 
fall rates. Moreover, many types of medication increase the risk of falls; thus dose 
reductions or -  ideally -  complete withdrawal may help to prevent falls37. Cognitive 
behavioural therapy has not shown to reduce falls yet, but may be a subject for future 
studies. For example, fear of falling increases the risk of falls, and this may be reduced by 
cognitive therapy and balance confidence training.
A recent approach is the use of biofeedback training to improve stability in young and 
elderly subjects27,28. These studies used a head-mounted device providing vibrotactile, 
auditory, and visual feedback on trunk sway during stance and gait tasks. Even under dual 
task conditions the feedback improved stability. In patients with unilateral vestibular loss use 
of tactile biofeedback, through vibration on the trunk, consistently increased postural 
stability during tandem gait, beyond the effects of practice alone38,39. And in community- 
dwelling elderly, vibrotactile tilt feedback improved both control of mediolateral sway during 
gait40. More research is needed to determine the long-term effects of biofeedback in healthy 
elderly and patients with balance disorders.
For patients with proprioceptive loss, e.g. due to diabetic neuropathy or in the elderly, 
investigators have developed vibrating insoles that improve the sensory information from 
the feet to the CNS41,42. In these studies, patients with diabetic neuropathy improved their 
stability during standing (measured by a force platform), but only when being distracted by 
an attention-demanding task. Improvement of the insoles and their activation is needed to 
make their implementation in everyday circumstances possible and effective. But the results 
are promising.
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TAKE HOME MESSAGES
• Muscle weakness is a consistent and important risk factor for falls.
• Little research exists on the epidemiology, pathophysiology and treatment of balance 
and falls in efferent neuromuscular disorders.
• Falls are both common and clinically relevant in patients with facioscapulohumeral 
disease. These falls are related to their postural instability, which results from both 
proximal and distal muscular weakness.
• Myotonia induces instability, suggesting that stiff muscles interfere with normal 
balance control.
• Patients with distal and proximal muscle weakness show instability during dynamic 
posturography.
• Balance control in vestibular loss and proprioceptive loss patients can be 
differentiated best by looking not only at trunk pitch (anterior-posterior) sway, but 
also at roll (medio-lateral) sway.
• Using either pelvis versus shoulder measures of sway may produce different 
conclusions with respect to balance control in patients with neuromuscular disorders.
• The human body moves not only around the ankle joint, but also around upper body 
joints during quiet standing and modes of upper body motion change under influence 
of support surface characteristics, direction of sway and frequency of sway.
• Absent proprioceptive inputs alter the mode of upper body motion; absent vestibular 
inputs only the amplitude of sway.
• Conceptually, it helps to distinguish between disorders of the efferent (skeletal and 
muscle system to execute balance correcting strategies) and afferent (providing 
sensory information on orientation and body in space through vestibular, 
proprioceptive and visual inputs) part of the peripheral nervous system.
• More research is needed to clarify the epidemiology and pathophysiology of balance 
and falls in patients with neuromuscular disorders, as a basis for development of new 
treatment strategies aimed to improve balance and reduce falls.
Chapter 8
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Summary

The motivation for this thesis is discussed in Chapter 1, where the research questions are 
formulated based on lacunas in the existing literature. In summary, falls are a clinically 
relevant problem, and improved fall prevention strategies are needed. To develop such 
strategies, better insights into the risk factors for falls and into balance control mechanisms 
-  both in health and disease -  are needed. Among the many risk factors is the presence of 
neuromuscular disorders, involving either the efferent or afferent part of the peripheral 
nervous system. The afferent system involves sensory inputs on orientation and body in 
space given through vestibular, visual and proprioceptive inputs, while the efferent system 
involves the skeletal and muscle system for executing balance control strategies. 
Epidemiological and pathophysiological research in patients with very specific and 'pure' 
neuromuscular diseases (i.e. those affecting only a single functional system of the nervous 
system) is expected to increase these insights. For this purpose, patients with muscle 
weakness (efferent problem), muscle stiffness (efferent problem), vestibular loss patients 
(afferent problem) and proprioceptive loss patients (afferent problem) were recruited. The 
primary goal was to understand why these patients fall or experience instability, as a basis 
for improved treatment. At the same time, observations in such pure disorders could be 
regarded as 'experiments of nature' to gain better knowledge on normal balance control 
strategies, again with the penultimate goal of developing improved treatment strategies.
Chapter 2 showed by means of a systematic review of the literature that muscle weakness is 
a consistent and important risk factor for falls in the elderly, but its contribution to balance 
control is surprisingly underestimated in the literature. The exact pathophysiology 
underlying muscle weakness as a risk factor for falls remains unclear. A hypothetical model 
of factors influencing balance control when muscle weakness occurs is presented in this 
chapter. Reducing falls via strength training -  when delivered as a component of a multi­
factorial intervention strategy - seems superior to isolated strength training. More 
fundamental studies on balance control and falling mechanisms in patients with focal and 
pure neuromuscular disorders are needed to increase our understanding of the influence of 
muscle weakness on falls, and to provide new leads for development of prevention and 
intervention strategies.
Chapter 3 presents an epidemiological study of falls in patients with facioscapulohumeral 
muscular dystrophy (FSHD) by means of a retrospective questionnaire and prospective fall 
follow-up. It showed that falling is a common and clinically relevant problem among these 
patients. Retrospectively, 65% reported at least yearly, and 30% at least monthly falls, 
whereas 47% of the patients suffered a fall during the 13-week follow-up. To our knowledge, 
this is the first study concerning falls among FSHD patients. In this FSHD population, having 
experienced falls in the past (according to the questionnaire) increased the risk of 
experiencing falls during follow-up by more than threefold. Falling also turned out to be a 
clinically relevant problem, as falling resulted in injuries, fear of falling and avoidance of 
everyday activities. Falling appeared related to muscle weakness. Patients fell mainly due to 
intrinsic causes in a forward direction, and often fell at home. Balance during several stance 
and gait tasks was also examined in these patients by means of body-worn gyroscopes, and 
showed that instability occurs mainly while climbing stairs, getting up from a chair and when 
the eyes are closed. Our findings highlight the clinical importance of falls in FSHD patients, 
the need for increased awareness of this problem among both clinicians and patients, and 
the need for fall prevention strategies, for example to train patients in using different 
balance strategies and to reduce fear of falling.
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In Chapter 4 balance control in patients with recessive myotonia congenita (RMC) patients 
was investigated. These patients experience paroxysmal muscle stiffness, which dissipates 
after warm-up of the muscles (through task repetition). This study showed that RMC 
patients are unstable during everyday balance tasks, even after a warm-up period. Balance 
was measured using body-worn gyroscopes at the trunk, and the tasks were done once 
before and once after warm-up (repeating the task five times). Trunk sway analysis can 
detect postural instability in these patients and can also identify clear balance improvements 
after task repetition, thereby quantifying the warm-up phenomenon. These effects were 
present not only at the group level, but also in individual patients. Tandem walking was most 
sensitive for detecting the warm-up effect and thus provides a simple, quantitative clinical 
test. We recommended use of trunk sway analysis during tandem walking as a sensitive and 
responsive test for quantifying myotonia and its warm-up phenomenon in patients with 
RMC. Further studies are required to fully establish the merits of this test as outcome 
measure in clinical trials, in comparison to other methods such as timed hand grip, and for 
screening or follow-up in mildly affected patients. Furthermore, trunk sway analysis can be 
used in the future to examine the variability of the extent and duration of the warm-up 
phenomenon in RMC patients at different times of the day and over different days.
The effect of the site of muscle weakness was examined in Chapter 5 for patients suffering 
from either distal or proximal leg muscle weakness. This chapter showed that distal, and to a 
lesser extent proximal, weakness caused instability after support surface perturbations. Both 
patient populations had more difficulty with anterior-posterior (pitch) than medio-lateral 
(roll) directed perturbations. Distal weakness patients showed instability of the centre of 
mass (COM) for forward and backward perturbations, whereas proximal weakness patients 
were mainly unstable for backward perturbations. Compensating balance correcting 
strategies consisted of trunk and arm movements in both populations. Ankle and knee 
bending was particularly abnormal in distal weakness patients leading to instability. It 
remains to be investigated whether training the use of knee movements, in order to aid 
balance responses in these patient populations, may reduce instability and prevent falls. 
Future studies should focus on formulating muscle weakness thresholds and correlating 
these with COM instability following tilt perturbations in order to assess whether an 
increased risk of falls exists.
Chapter 6 examined balance control in patients with two types of afferent disorders (either 
with vestibular loss (VL) or proprioceptive loss (PL)), using sway measures at the pelvis and 
shoulders simultaneously. This chapter showed clear differences in balance control during 
quiet standing on a foam support surface with eyes closed between VL, PL patients and 
controls. The posturographic analysis of stance used in this chapter can be used to 
differentiate balance dysfunction due to VL or PL from healthy balance control by looking at 
pelvis or shoulder sway variables under different stance conditions. For differentiating 
vestibular loss patients from controls, analyzing sway in the pitch plane was needed. 
Whereas proprioceptive loss patients could only be differentiated from controls and VL 
patients by looking at sway measures in the roll and pitch plane. Three stance tasks were of 
most relevance: standing with eyes open on foam and eyes closed on foam, and standing 
with eyes closed on a firm surface. Pelvis measures appeared to provide a slightly better 
differentiation between patient groups than shoulder measures. A difference in balance 
control in the pitch and roll plane appeared to be present at the pelvis and shoulders.
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Follow-up studies and studies involving larger numbers of patients with milder deficits or 
mixed deficits are needed to further validate the procedures here described.
In Chapter 7 it is shown that during quiet unperturbed stance relative movements between 
the pelvis and shoulders occur, that these differ in the pitch and roll plane, and that these 
change particularly for proprioceptive loss patients. Similar methods as in Chapter 6 were 
used. Analysis differed in that shoulder to pelvis regression slopes were calculated on the 
basis of power spectral densities of sway. A total of three movement strategies was 
observed: 1. mainly pelvis motion; 2. mainly shoulder motion; 3. both pelvis and shoulder 
motion. As we did not record lower body movements we cannot conclude whether pelvis 
movements were simply due to ankle joint rotations. However, the most parsimonious 
explanation for in phase low-frequency movements in the roll and pitch planes is that these 
strategies are mainly due to ankle rotations. Shoulder motion was caused by rotations of the 
lumbo-sacral joints and the spine. In healthy controls, little relative motion between the 
shoulders and pelvis occurred for low-frequency pitch motion on foam and firm surface and 
low-frequency roll motion while standing on a foam surface. Shoulder motion with respect 
to the pelvis was employed for roll strategies when standing on a firm surface, and for all 
high-frequency strategies. Vestibular loss patients showed very similar strategies compared 
to controls. Proprioceptive loss altered the high-frequency strategies in pitch for all tasks; 
more shoulder motion was used to control balance. Thus, movement strategies during quiet 
stance consist of mainly pelvis motion, mainly shoulder motion or pelvis and shoulder 
motion simultaneously and depend on the stance condition, the frequency band considered, 
and sway direction. Moreover, proprioceptive loss of the lower legs changes the strategy in 
that more upper body motion is required to maintain balance. Future studies should 
examine greater number of patients and patients with other neuromuscular disorders, such 
as efferent peripheral disorders.
In Chapter 8 the results of all chapters were summarized and compared with current 
literature. Take home messages were formulated and future perspectives were given.
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De relevantie van dit proefschrift wordt beschreven in hoofdstuk 1. De onderzoeksvragen 
worden geformuleerd op basis van de tekortkomingen van de huidige literatuur. 
Samenvattend wordt geconcludeerd dat vallen een klinisch relevant probleem is en dat 
strategieën voor preventie nodig zijn. Om dergelijke strategieën te kunnen ontwikkelen, is 
kennis over de risico factoren voor vallen en de mechanismen achter de controle van balans 
nodig. Risicofactoren voor vallen zijn onder andere neuromusculaire ziekten van het 
afferente of efferente deel van het perifere zenuwstelsel. Het afferente deel bestaat uit 
sensore informatie over de orientatie van het lichaam en wordt verkregen door middel van 
sensibele informatie vanuit het evenwichtssysteem, de propriocepsis, en visus. Het efferente 
deel bestaat uit het spier- en skeletstelsel, wat zorg draagt voor de uitvoering van 
balanscorrecties. Epidemiologisch en pathofysiologisch onderzoek bij patiënten met 
specifieke en pure neuromusculaire aandoeningen zal deze kennis vergroten. Voor dit 
proefschrift werd gekeken naar patiënten met spierzwakte (probleem van het efferente 
deel), spierstijfheid (efferent probleem), vestibulaire stoornissen (afferent probleem), en 
proprioceptieve stoornissen (afferent probleem). Het doel was het vallen en de instabiliteit 
van deze patiënten te begrijpen en verder inzicht te verkrijgen in het gezonde balans 
controlesysteem, wat kan helpen bij het ontwikkelen van therapie voor balansstoornissen.
Hoofdstuk 2 liet zien dat spierzwakte een belangrijke en consistente risicofactor voor vallen 
is, maar ook dat dit onderschat wordt in de literatuur. Er is weinig concreet onderzoek naar 
de invloed van spierzwakte op het evenwicht. Een hypothetisch model van de factoren die 
invloed hebben op het evenwicht als spierzwakte bestaat, wordt gepresenteerd in dit 
hoofdstuk. Wat betreft interventies voor spierzwakte als risicofactor voor vallen, blijkt 
krachttraining als onderdeel van een multi-factoriële interventie beter te werken dan 
krachttraining alleen. Fundamentele studies over vallen en instabiliteit bij patiënten met 
focale en pure neuromusculaire ziekten zijn nodig om de invloed van spierzwakte op 
instabiliteit en vallen verder te begrijpen. Bovendien kan zulk onderzoek leiden tot het 
ontwikkelen van strategieën voor de preventie van vallen.
In hoofdstuk 3 wordt beschreven dat vallen een veel voorkomend en klinisch relevant 
probleem is bij patiënten met facioscapulohumerale spierdystrofie (FSHD). Retrospectief gaf 
65% van de patiënten aan dat ze minstens 1 keer per jaar vallen en gaf 30% van de patiënten 
aan dat ze minstens 1 keer per maand vallen. Tijdens de 14 weken durende follow-up viel 
47% van de patiënten ten minste 1 keer. Dit is de eerste studie betreffende vallen bij 
patiënten met FSHD. In onze FSHD populatie verhoogde vallen in het verleden (volgens de 
vragenlijst) het risico op vallen in de toekomst met een factor van ruim 3. Vallen bij FSHD 
patiënten is een klinisch relevant probleem dat vaak verwondingen, angst voor vallen, en het 
vermijden van activiteit veroorzaakt. Bovendien is vallen gerelateerd aan de mate van 
spierzwakte. Patiënten vielen met name door intrinsieke oorzaken en in voorwaartse 
richting. Daarnaast vielen ze vaak thuis. Naar aanleiding van een aanvullend 
electrofysiologisch evenwichtsonderzoek bij patiënten en gezonde controlepersonen, blijkt 
instabiliteit vooral op te treden tijdens traplopen, opstaan vanuit een stoel en wanneer de 
ogen gesloten zijn. De resultaten van dit onderzoek bewijzen de klinische relevantie van 
vallen bij FSHD patiënten en de noodzaak van verhoogde aandacht van zowel de clinicus als 
de patiënt voor vallen. Daarnaast moeten valpreventiestrategieën ontwikkeld worden. 
Bijvoorbeeld door patiënten te trainen in het gebruiken van specifieke 
evenwichtsstrategieën of het verminderen van angst voor vallen.
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In hoofdstuk 4 wordt de invloed van spierstijfheid op het evenwicht onderzocht. Daarvoor 
werden patiënten met myotonia congenita onderzocht. Deze patiënten deden verschillende 
loop- en staopdrachten, terwijl hun evenwicht aan de hand van rompbewegingen werd 
gemeten. De resultaten laten zien, dat rompbewegingen gebruikt kunnen worden om 
evenwicht en de invloed van het warm-up fenomeen op het evenwicht te meten. Dit was 
niet alleen duidelijk op groepsniveau, maar ook voor de individuele patiënten. De 
koorddansersgang bleek het meest sensitief om het effect van de myotonie en het warm-up 
fenomeen te meten. De koorddansersgang is dus een sensitieve en responsieve test om de 
myotonie en het warm-up fenomeen in deze patiënten te kwantificeren. Toekomstige 
studies zijn nodig om de specificiteit van deze test te bepalen bij andere patiëntengroepen 
en milde myotonie patiënten en in vergelijking met andere methoden, zoals hand 
knijpkracht (timed hand-grip). Bovendien kunnen toekomstige studies zich richten op het 
meten van de variabiliteit van het warm-up fenomeen op verschillende tijdstippen van de 
dag en op verschillende dagen.
De invloed van het zwaktepatroon op evenwicht is onderzocht in hoofdstuk 5 van dit 
proefschrift. Hier werden patiënten met distale of proximale spierzwakte op een 
evenwichtsplatform onderzocht. De resultaten laten zien dat zowel distale als proximale 
zwakte instabiliteit veroorzaakt. Zowel patiënten met distale, als met proximale zwakte, 
vertoonden grotere instabiliteit voor voor-achterwaartse dan zijwaartse rotaties van het 
platform. Patiënten met distale zwakte waren instabiel voor zowel voor- als achterwaartse 
rotaties, terwijl patiënten met proximale zwakte vooral achterwaarts instabiel waren. 
Compensatiestrategieën bestonden uit romp- en armbewegingen voor beide 
patiëntenpopulaties. Flexie van de enkels en knieën was met name abnormaal bij patiënten 
met distale zwakte en was een oorzaak van de instabiliteit. De vraag blijft bestaan of het 
trainen van het gebruik van kniebewegingen deze patiënten kan helpen bij hun 
evenwichtsreacties en daardoor vallen kan voorkomen. Toekomstige studies die zich richten 
op het formuleren van een grenswaarde van spierkracht, die minstens nodig is om vallen te 
voorkomen, zijn nodig. Door spierkracht te correleren aan instabiliteit, kan het risico van 
vallen bij deze patiënten beter ingeschat worden.
In hoofdstuk 6 wordt met behulp van het meten van pelvis- en schouderbewegingen het 
evenwicht bij patiënten met vestibulaire stoornissen (VL) en patiënten met proprioceptieve 
stoornissen (PL) vergeleken. Op basis van deze metingen wordt ook geprobeerd tussen deze 
twee patiëntengroepen en gezonde controlepersonen te differentiëren. De resultaten laten 
zien, dat met name tijdens staan op een schuim ondergrond met gesloten ogen verschillen 
te zien waren tussen het evenwicht van VL patiënten, PL patiënten en controlepersonen. 
Daarbij kon gedifferentieerd worden tussen VL patiënten en controles door te kijken naar 
bewegingen in de voor-achterwaartse richting. Voor de differentiatie tussen PL patiënten en 
controlepersonen was het meten van zijwaartse bewegingen ook nodig. Daarbij waren de 
volgende opdrachten nodig: staan op schuim ondergrond met open en gesloten ogen, en 
staan op een vaste ondergrond met gesloten ogen. Pelvismetingen vertoonden iets betere 
resultaten voor de differentiatie dan schoudermetingen. Toekomstige studies met grotere 
aantallen patiënten en patiënten met mildere ziektebeelden zijn nodig om deze methode 
van differentiëren verder te valideren.
Bewegingen van de schouders en pelvis worden in hoofdstuk 7 aan elkaar gerelateerd om de 
samenhang van segmentale lichaamsbewegingen tijdens staan te definiëren. De resultaten
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laten zien, dat pelvis en schouder zich onafhankelijk van elkaar bewegen, afhankelijk van de 
omstandigheden en aanwezige sensorische inputs. Er werden drie verschillende 
bewegingsstrategieën gemeten. 1. alleen pelvisbewegingen; 2. alleen schouderbewegingen; 
3. gecombineerde pelvis- en schouderbewegingen. Of de pelvisbewegingen door rotaties 
van de enkels werden veroorzaakt, kon door deze studie niet bewezen worden. 
Kniebewegingen kunnen de bewegingen van de pelvis ook beïnvloed hebben. Bewegingen 
van de schouder zijn gebaseerd op rotaties van de wervelkolom en de lumbaal-sacraal 
gewrichten. De strategieën waren afhankelijk van de frequentie van de bewegingen, de 
ondergrond (schuim of normaal) en de richting van de beweging (voor-achterwaarts of 
zijwaarts). In gezonde proefpersonen leidde staan op schuim tot relatief weinig beweging 
tussen pelvis en schouders bij laag-frequente voor-achterwaartse en zijwaartse bewegingen, 
terwijl staan op normale ondergrond meer schouderbewegingen veroorzaakte in zijwaartse 
richting. Dat was ook het geval voor hoog-frequente strategieën in beide richtingen voor alle 
opdrachten. Vestibulaire stoornissen (VL) veroorzaakten vrijwel geen veranderingen in de 
bewegingsstrategieën ten opzichte van gezonde proefspersonen; proprioceptieve 
stoornissen daarentegen veranderden de hoog-frequente strategieën in voor-achterwaartse 
richting. Hier werd meer beweging van de schouder gebruikt om het evenwicht te behouden 
dan bij gezonde en VL proefpersonen.
In hoofdstuk 8 worden alle resultaten van de voorgaande hoofdstukken nog eens op een rij 
gezet en vergeleken met de huidige literatuur. Tevens worden take home m essages en 
handreikingen voor toekomstig onderzoek naar evenwicht en vallen geformuleerd.
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Dankwoord

Zonder helpende handen was dit proefschrift er niet geweest. Op de eerste plaats dank ik 
alle patiënten en controlepersonen, die bereid waren geheel onbaatzuchtig mee te werken 
aan de onderzoeken en soms zelfs naar Basel reisden daarvoor!
Mijn drie promotoren dank ik, omdat zij elk op hun eigen manier mijn promotie ongelooflijk 
leerzaam gemaakt hebben op zowel wetenschappelijk, organisatorisch als persoonlijk vlak:
Geachte prof. Bloem, beste Bas,
Dit alles is begonnen bij jou. Je enthousiasme heeft me er eerst van overtuigd een 
wetenschappelijke stage in Basel te gaan doen en vervolgens overtuigd om mijn studie 
Geneeskunde te onderbreken en een promotietraject in te gaan, waarvoor ik drie en een 
half jaar in het buitenland moest wonen. Je hebt me altijd overtuigd van het succes en zie 
hier het resultaat. Zonder jouw aanstekelijk enthousiasme voor onderzoek doen en je gave 
om mensen te motiveren, was dit proefschrift er niet geweest. En door jou weet ik hoe leuk 
het is om onderzoek te doen!
Dear prof. Allum,
You gave me the opportunity and pleasure to work at your lab. First as a Masters student, 
then as PhD-student. I thank you for your trust in me, for discussions on protocols and 
results, for the freedom to travel between Switzerland and the Netherlands, and to be 
involved in other projects to broaden my view, for the patience to teach me about 
biomedical engineering, and your confidence in my writing. Working in Basel has been 
unforgettable.
Geachte prof. Van Engelen, beste Baziel,
Je relativeringsvermogen en je brede kijk op het proces maakten je een rustpunt in roerige 
tijden. Even pas op de plaats en een andere kijk op het geheel. Leerzaam. Voor nu en voor in 
de toekomst. 'Hoe gaat het met jou?' en 'Heb je wel een keer vakantie?' zijn vragen die je 
betrokkenheid bij mensen bewijzen. Dank daarvoor.
Geachte prof. Padberg,
U dank ik voor de mogelijkheid om op de afdeling Neurologie te mogen werken aan de 
onderzoeken en het opschrijven ervan en de kans om nu dit proefschrift hier te mogen 
presenteren.
Ursula Küng, Liebe Ursi, meine Komplizin,
Wir haben es geschafft! Und ich war sehr glücklich dich als Komplizin zu haben! Die vielen 
Experimente, unsere sehr effiziente Zusammenarbeit, deine Hilfe bei den komplizierten 
MatLab Programmen; ich hätte es ohne dich nicht geschafft! Außerdem hat die Arbeit mit 
dir Spaß gemacht. Leider kannst du heute nicht dabei sein, weil du in Vancouver bist. Aber 
wir werden den Abschluss unserer beiden Doktorarbeiten noch gemeinsam feiern!
Flurin Honegger,
Dir danke ich für die vielen Dienstage und Donnerstage im Labor, an denen du Erste Hilfe 
geleistet hast (bei Software Problemen), aber auch immer für ein Gespräch da warst. Ich 
habe viel gelernt; und nicht nur über MatLab oder SwayStar Software! Dein Humor und 
Lebendigkeit hat im Labor zur guten Atmosphäre beigetragen. Ich danke dir ganz herzlich 
dafür.
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Gea Drost, Karlijn de Laat en Marten Munneke dank ik voor hun hulp bij respectievelijk de 
myotonie- en de FSHD-studie. Gea, bij het opschrijven van mijn allereerste artikel had ik hulp 
van jou. Ik heb dit als heel fijne samenwerking ervaren; een prettige manier van omgang en 
effectief bovendien! Karlijn, dank voor je hulp bij het uitvoeren van de myotonie-studie en je 
hulp bij het gebruik van de apparatuur. Marten, dank voor je hulp bij het opzetten en je kijk 
op de analyses van de FSHD studie.
Nicol Voermans, Nens van Alfen, Gerald Hengstman en Jeroen Trip dank ik voor hun hulp bij 
de patiëntenselectie. Als (nog) niet-neuroloog had ik dit niet alleen gekund!
Allan Pieterse dank ik voor zijn bereidheid ruimtes te regelen voor het myotonie-onderzoek 
en hulp bij data analyse.
Noortje Bergevoet dank ik voor haar hulp bij zovele kleine en grote logistieke opgaven 
tussen Nijmegen en Basel. Je was nooit te beroerd om weer eens iets naar Basel te faxen of 
op te sturen en ik kon altijd bij je terecht met mijn vragen. Bedankt!
Alle studenten, zowel in Basel als in Nijmegen (Lindy Janssen, Lonneke Verhoeff, Alice 
Bickerstaffe, Leonie Laverman, Sophie Janssen, Krissy Goutier, Jaap Vonk, en Kok-Sing Tang) 
dank ik voor hun hulp bij de experimenten, het schrijven van artikelen en uiteraard de 
gezelligheid op het lab en daarbuiten.
Marlene Wittwer, liebe Marlene,
Danke für deine Hilfe beim Design vom Cover, deine guten Ideen und für die sehr effiziente 
Zusammenarbeit.
Paranimfen: Petra Kooistra en Carolin Andreas,
Lieve Petra, sinds het eerste jaar Geneeskunde zijn we vriendinnen. In Basel was ik ver weg, 
maar onze vriendschap is gebleven. En nu ik terug ben, is veel anders, maar is het toch alsof 
ik nooit ben weggeweest. Dankjewel dat je mijn paranimf wilt zijn vandaag!
Liebe Caro, in Basel bist du meine beste Freundin. Wir haben das Leben in Basel und der 
Schweiz gemeinsam entdeckt und genossen. Als ich gegangen bin, habe ich dich sehr 
vermisst. Aber zum Glück ist Basel nicht weit, und es gibt Internet und Telefon! Danke, dass 
du heute dabei bist als meine Paranimf!
Han, Gertjan, en Maarten Peter,
Wat ben ik er trots op om jullie zus(je) te zijn! Jullie staan altijd voor me klaar. Of het nou is 
om (voor de zoveelste keer) te helpen verhuizen, om met zijn allen te skiën, gewoon gezellig 
te eten, of feedback te geven op mijn proefschrift; ik kan altijd op jullie rekenen en dat is me 
heel veel waard! Nu ik weer in Nederland ben, geniet ik ervan weer vaker met zijn allen te 
zijn. Gezellig is het met jullie (en Lisette natuurlijk) in elk geval altijd!
Christoph, wir haben uns in der Schweiz kennen gelernt. Seitdem haben wir so viele schöne 
Momente erlebt. Zuerst in Basel, Graz, Klagenfurt oder im Nachtzug dazwischen, und jetzt 
gemeinsam in Nijmegen. Dass du mit mir mitgekommen bist, ist noch immer unglaublich für 
mich. Du hast immer genau das richtige gemacht, wenn ich mit der Arbeit nicht weiter 
wusste. Du warst neben mir und hast mich unterstützt, aber du hast mich auch immer
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rechtzeitig von der Arbeit weggezogen und zu schönen Plätzen entführt. Ich danke dir dafür 
und genieße jeden Tag mit dir!
Mijn ouders, Gosewien en Martien,
Toen ik vertelde dat ik in Basel kon blijven voor een promotie, was jullie eerste reactie: 
Doen! Dat typeert hoe jullie open staan voor nieuwe dingen, hoe jullie mij altijd 
gestimuleerd hebben om verder te komen door te werken voor iets wat je wilt bereiken. 
Jullie onvoorwaardelijke steun is onbeschrijfelijk en ik ben daar dankbaar voor. Bovendien is 
geen aanhangwagen te groot en hebben jullie me ontelbare keren opgehaald of 
weggebracht met mijn koffer. En als ik het niet meer zag zitten, was een telefoontje naar 
huis genoeg om me er weer bovenop te helpen. Kort gezegd; wat wil ik nog meer met zulke 
ouders!
Corinne Horlings 
Februari 2010
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